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ABSTRACT 
 
 The origin and maintenance of sexual reproduction has long been of interest to 
evolutionary biologists.  While the relationship between genetic diversity and asexuality has 
received recent attention, the precise nature of this relationship is dependent on the physiological 
mechanism (e.g. automixis vs. apomixes) and the details of the origin (e.g. endosymbiont 
infection or hybridogenesis) of asexual reproduction.  Most of the work explicitly exploring the 
links between reproductive mode and genetic diversity has been theoretical in nature and has 
only modeled asexuality as clonal reproduction.  Thus, the applicability of these studies beyond 
apomictic species is questionable.  Empirical studies are necessary to understand the full breadth 
of the relationship, and ideal systems to do so are species with sexual and asexual forms co-
existing.  A common pattern of co-existence of reproductive mode is geographic 
parthenogenesis.  This pattern is characterized by sexual populations occupying the central part 
of the species’ range, while asexual populations are found in peripheral or marginal habitats. 
 There is an alternative pattern of sexual-asexual co-existence that is present in several 
species of bark lice (Insecta:  Psocoptera), an inconspicuous and under-studied group of insects 
that scrape lichen and other organic matter off a substrate, often bark, dead branches, rock 
outcroppings, or leaf litter.  It is in many ways the inverse of geographic parthenogenesis.  The 
asexual form of these species occupy the central part of the range, while sexual populations are 
restricted to peripheral or highly isolated localities.  One such species is the scaly winged bark 
louse, Echmepteryx hageni, which is found through eastern North America, but sexual 
populations are known only from a few rock outcroppings in southern Illinois and eastern 
Kentucky.  There is a strong disparity in mitochondrial genetic diversity between the 
iii 
reproductive forms of E. hageni, with the parthenogenetic form exhibiting very high haplotypic 
and nucleotide diversity while the sexual populations are virtually homogenous. 
 In Chapter 1, I show that the disparity in genetic diversity is also present at nuclear loci, 
though not as strongly as at the mitochondrial markers.  A demographic signal of rapid range 
expansion in the asexual form of E. hageni previously observed in mitochondrial data is also 
present at three of four nuclear loci.  However, there are contrasting patterns of genetic structure 
and population differentiation between the two genomic regions.  Finally, I outline three 
hypotheses that might explain the disparity in genetic diversity between the sexual and asexual 
forms present in the mitochondrial (and to a lesser extent the nuclear) genetic data:  (1) sexuals 
are derived from the asexuals and are recent in origin, (2) asexual E. hageni have a greater per-
year mutation rate due to life history differences, (3) conversion of a genetically diverse sexual 
species to a primarily asexual species. 
 I test the first and third hypotheses in Chapter 2, both of which involve the question of the 
direction of evolution in reproductive mode in E. hageni.  Hypothesis 1 is based on sexuality 
being a recently derived trait in E. hageni, while Hypothesis 3 posits a recent conversion of the 
species from sexual to primarily asexual reproduction.  The derived position of sexual E. hageni 
observed in maximum parsimony analyses of mtDNA (Shreve et al 2011) is confirmed by 
maximum likelihood analysis, though with different root placement.  However, outgroup 
randomization tests cast doubt on the ability of phylogenetic outgroups to accurately root the E. 
hageni tree.  Once the evolutionary relatedness of mitochondrial haplotypes was taken into 
account via nesting of haplotype groups, measures of cytonuclear disequilibria at the four nuclear 
loci are consistent with the relatively recent conversion of a diverse, sexual species to 
parthenogenetic reproduction, consistent with Hypothesis 3.  However, a secondary assumption 
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of Hypothesis 3, that parthenogenesis is the result of an endosymbiont infection, is not 
supported.  Both Wolbachia and Rickettsia are found in some E. hageni, but infection does not 
appear to be correlated with asexual reproduction. 
 Chapter 3 compares patterns of mitochondrial genetic diversity in E. hageni with another 
bark louse species, Peripsocus subfasciatus, in order to test Hypothesis 2.  The multivoltine 
sexual form of P. subfasciatus has significantly greater haplotypic and nucleotide diversity than 
the univoline sexual E. hageni.  In addition, unlike E. hageni, the genetic diversity of sexual P. 
subfasciatus is slightly but statistically greater than in the asexual form of the species.  These 
results are consistent with the hypothesis that life history differences between the multivoltine 
asexual form and the univoltine sexual form of E. hageni are at least partially responsible for the 
disparity in genetic diversity between the two reproductive forms of this species.  Asexual 
genetic diversity is elevated in P. subfasciatus in a manner similar to E. hageni, suggesting that 
this may be a common pattern in the restricted-sexuality distribution.  However, additional 
studies of other bark lice with this pattern are necessary to verify the trend. 
 Chapter 4 examines the extreme range disjunctions present in P. subfasciatus from a 
phylogeographic and population genetic perspective.  P. subfasciatus is found in eastern North 
America, the Pacific coast of the western North America, and also in Europe.  In addition, 
sexuality is restricted to western North America and isolated populations in eastern North 
America.  There are two mitochondrial clades with a mean sequence divergence between them of 
1.8%, but this genetic break does not correspond to reproductive mode or to geography.  In fact, 
reproductive mode has virtually no association with genetic structure at all.  On the contrary, 
analysis of mitochondrial and nuclear data finds that grouping western North American and 
European populations versus eastern North American populations explains more of the genetic 
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variation within P. subfasciatus than any other grouping scheme.  European and western North 
American population may therefore have historically connected via the Bering land bridge, but 
phylogeographic history of the eastern North American-European split remains unclear. 
The experiments and analyses carried out as part of the dissertation have variously both 
supported and contradicted each of the three hypotheses.  As a result, the evolutionary processes 
shaping genetic diversity and distributional patterns in E. hageni remain unclear.  The three 
hypotheses are not all mutually exclusive, and it is possible that life history differences have 
worked in conjunction with other evolutionary and ecological processes to shape genetic 
diversity within E. hageni.  One plausible sequence of events is that a rapid conversion from 
sexual to asexual reproduction in E. hageni resulted in a majority of the standing genetic 
diversity being preserved in the parthenogenetic lineages.  At this point, the life history 
differences between the sexual and asexual forms and their differences in effective population 
size could have worked together to maintain and exacerbate the differences in genetic diversity 
between the reproductive forms. 
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CHAPTER 1:  PHYLOGEOGRAPHY OF ECHMEPTERYX HAGENI BASED ON 
NUCLEAR DATA AND COMPARISON WITH MITOCHONDRIAL DATA 
 
Introduction 
 One of the biggest questions in evolutionary biology revolves around the evolution of sex 
and reproductive mode (e.g. Muller 1932, 1964; Crow & Kimura 1965; Maynard Smith 1968; 
Kondrashov 1993).  Much of the research on this topic has dealt with the dichotomy of the 
theoretical short-term disadvantages versus long-term advantages of sexual reproduction (Hurst 
& Peck 1996; Barton & Charlesworth 1998; Ros et al 2008; Schwander & Crespi 2009).  
Regardless of how it originated, sex, or the exchange of genetic material between sexually 
differentiated individuals, has been around since the beginning of the Eukarya, and nearly all 
species or Metazoa rely on sexual reproduction.  However, there are many species, representing 
nearly every Metazoan phylum, that have secondarily lost sex and reproduce asexually. 
One aspect of the evolution of reproductive mode is the relationship between genetic 
diversity and reproductive mode, specifically the effect of asexual reproduction on genetic 
diversity (Birky, 1996; Cywinska & Hebert, 2002; Heethoff et al, 2007).  Theoretical works on 
the subject have provided valuable insight, but most have modeled asexual reproduction as 
clonality (e.g. Balloux et al 2003; Bengtsson 2003; Halkett et al 2005).  However, 
parthenogenesis, asexual reproduction where offspring develop from unfertilized eggs, is not a 
monolithic or singular process.  Parthenogenesis can be classified into a variety of types and sub-
types based on its origin (Plantard et al 1998; Gomez-Zurita et al 2006; Adachi-Hagimori et al 
2008) or on the underlying cytogenetic mechanisms that restore or maintain the correct ploidy in 
the oocyte (Simon et al 2003; De Meeus et al 2007).  Each of the separate types of asexual 
reproduction has its own genetic and population genetic effects, and only a subset of these are 
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clonal and result in offspring genetically identical to the parent.  Other types permit varying 
degrees of recombination and segregation of parental chromosomes (De Meeus et al 2007). 
Given the variety of types of parthenogenesis, theoretical work alone is insufficient to 
fully elucidate the relationship between reproductive mode and genetic diversity.  Ideal systems 
in which to empirically study this relationship are species with both sexually and asexually 
reproducing individuals or populations co-existing.  Examples of such species encompass a wide 
range of biological complexity, from Platyhelminthes to Vertebrata (Kearney, 2005), and co-
existence of populations with different reproductive modes can occur in two primary ways.  
First, cyclically parthenogenetic organisms alternate between sexually and asexually reproducing 
generations (e.g. aphids; Bulmer, 1982; Sunnucks et al, 1997; Rispe et al, 1998; Simon et al, 
2002).  Thus, there are no asexual populations or lineages within these species, but asexual 
generations, and the genetic effects of reproductive mode variation are confounded within a 
population.  The second major pattern is geographic parthenogenesis, where some populations 
are obligately asexual and others are obligately sexual (Gaggiotti, 1994; Peck et al, 1998; 
Pongratz et al, 2003; Kearney, 2005; Lunkmark & Saura, 2006; Adolfsson et al, 2009).  Under 
this paradigm, asexual populations typically occur peripherally at higher latitudes or altitudes; or 
in extreme, marginal, or disturbed environments (Kearney, 2005).  Sexual populations, on the 
other hand, usually occupy the core or central portion of the species’ distribution. 
There are, however, other geographic patterns of sexual and asexual co-existence besides 
traditional geographic parthenogenesis.  Mockford (1971) described the distributions of several, 
unrelated species of bark lice (Insecta:  Psocoptera) with both sexual and asexual populations 
whose distributions differ from traditional geographic parthenogenesis in several important 
features. In these cases widespread asexual forms occupy the central part of the species’ range, 
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and they usually have a relatively broad habitat breadth.  In contrast to geographic 
parthenogenesis, it is the sexual rather that the asexual populations that are peripheral (e.g. 
Peripsocus subfasciatus and Valenzuela flavidus; Mockford 1971) or isolated (e.g. Echmepteryx 
hageni, P. subfasciatus, and Pycta polluta).  In addition, the sexual forms often have a more 
limited habitat breadth compared to the asexual form of the same species.  we refer to this pattern 
as “restricted sexuality.”  The restricted sexuality distributional pattern is in many respects the 
inverse of geographic parthenogenesis.   
One of the species with restricted sexuality is the scaly-winged bark louse Echmepteryx 
hageni (Psocoptera:  Lepidopsocidae).  The asexual form of this species is found throughout 
eastern North America, and inhabits a wide variety of deciduous and coniferous trees, 
occasionally occurring on rock outcroppings.  The sexual form, on the other hand, is restricted to 
exposed rock faces in several localities in southern Illinois and one known locality in eastern 
Kentucky.  Another difference between the reproductive forms of E. hageni is that the sexual 
form has only one generation per year, whereas the parthenogenetic form has three to five 
generations per year, depending on latitude.  Previous work has found that E. hageni at the whole 
species level possesses very high mitochondrial genetic diversity, both in absolute terms and 
relative to most other asexual animal species (Shreve et al, 2011).  Mitochondrial haplotypic 
diversity within E. hageni is very high, reaching 0.984 when only asexuals are considered, 
compared to only H=0.17 in sexual E. hageni.  The mitochondrial haplotypic diversity of asexual 
E. hageni is among the highest reported values of any for asexual animal species (Shreve et al, 
2011).  There is also evidence of genetic differentiation between the reproductive forms and of a 
single colonization of the upper Midwest by E. hageni.  Additional information from nuclear 
4 
markers may confirm the phylogeographic history inferred from mitochondrial data and provide 
greater resolution on the evolution of reproductive mode in E. hageni. 
The use of nuclear markers offers many advantages to population genetic analysis.  First, 
they allow results from a single gene to be replicated across other genes and other genomic 
regions.  Multiple markers from a variety of genomic regions can therefore increase the power of 
analyses in estimating population genetic parameters.  In addition, the perceived advantages of 
mtDNA, such as its smaller effective population size and rapid mutation rate, may 
simultaneously limit the utility of mitochondrial data (Marko & Hart 2011).  Isolated populations 
can achieve reciprocal monophyly of mtDNA over shorter evolutionary time scales, making it 
easier to detect population differentiation.  However, this relatively rapid lineage sorting is 
necessarily accompanied by the loss of information concerning ancestral population sizes, 
ancient gene flow, and divergence times.  Thus, nuclear markers are needed to reduce the 
variance of many parameter estimates, especially for complex models with a large number of 
parameters (Marko & Hart 2011). 
Discordance between mitochondrial and nuclear genetic data is not uncommon, and can 
arise from a number of different factors.  The difference in the effective population sizes of 
nuclear and mitochondrial markers means that demographic changes can have markedly different 
effects on patterns of variation (Fay & Wu 1999).  Introgression of mitochondrial haplotypes 
from differentiated populations or closely related species have also been shown to cause 
phylogeographic disagreements between nuclear and mitochondrial data (Canestrelli & Nascetti 
2008; Gompert et al 2008).  Certain life history patterns, such as sex-biased dispersal, can also 
result in differing genetic patterns at mitochondrial vs. nuclear loci (Hoelzer 1997; Monsen & 
Blouin 2003). 
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 Initial investigation of mitochondrial markers in E. hageni with its distribution of 
restricted sexuality has shown a unique and interesting pattern of elevated genetic diversity in 
asexual populations, but reduced genetic diversity in sexual populations (Shreve et al 2011).  We 
used nuclear DNA sequence variation at multiple loci to confirm and further study the evolution 
of reproductive mode and patterns of genetic diversity from a phylogeographic and population 
genetic perspective in E. hageni.  Although the population genetic patterns associated with 
geographic parthenogenesis have been well-studied (e.g. Jensen et al 2002; Pongratz et al 2003), 
the restricted sexuality pattern has not received same attention.  Empirical study of the 
relationship between genetic diversity and reproductive mode requires investigation of the full 
breadth of the ways sexual and asexual reproduction can co-exist within species, including 
restricted sexuality. 
 The observation of elevated genetic diversity in asexuals as compared to sexual 
populations of E. hageni is in contrast to the assumption and observed evidence that asexuals 
have low mitochondrial diversity in certain situations (Adams et al, 2003).  This pattern is also 
different from the relatively low diversity of asexuals compared to sexuals seen in some species 
with geographic parthenogenesis (e.g. Jensen et al 2002).  Finally, the high genetic diversity in 
asexuals is contrary to predictions of low asexual diversity according to some proposed 
explanations of geographic parthenogenesis pattern (Parker 1979; Jaenike et al 1980, but see 
Roughgarden 1972; Vrijenhoek 1979).  Three hypotheses could explain the elevated haplotypic 
diversity of the asexuals relative the sexuals:  (1) sexuals are derived from the asexuals and are 
recent in origin, (2) asexual E. hageni have a higher mutation rate due to life history differences, 
(3) conversion of a genetically diverse sexual species to a primarily asexual species (Figure 1.1). 
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Under Hypothesis 1 (Figure 1.1A), sexual reproduction is derived within E. hageni, and 
the low genetic diversity of the sexual populations is the result of a founder effect arising from 
the recent origin of the sexual form.  However, because of the long branches leading to the 
outgroup, there is still some uncertainty in the rooting, and maximum likelihood and coalescent-
based methods root the E. hageni tree in different places (Shreve et al 2011).  Second, because 
asexual populations reproduce several times per year and sexual populations only once, the 
disparity in genetic diversity could be explained by the possible difference in per-year mutation 
rates (Hypothesis 2; Figure 1.1B).  Finally, the genetic diversity in asexuals might be 
representative of the standing diversity that was present at a time when the entire species 
reproduced sexually.  At some point, asexual reproduction swept through the species, converting 
the sexually reproducing E. hageni into a primarily asexual species while conserving the genetic 
diversity (Hypothesis 3; Figure 1.1C).  Based on the mitochondrial data, this could not have been 
a selective sweep or displacement by a novel asexual genotype.  Such processes would not 
maintain the standing genetic diversity, and there is no evidence in the existing data of the 
bottleneck that would have resulted.  A more likely scenario would involve parthenogenesis-
inducing bacterial endosymbionts sweeping through the species. 
Another defining difference among the hypotheses is the timing of the haplotype 
diversification.  Both Hypothesis 1 (sexuals are derived) and Hypothesis 2 (life history 
differences of sexual and asexual forms are driving the patterns of genetic diversity) assume that 
the diversification took place while E. hageni was reproducing asexually (Figure 1.1A & B).  If 
this is the case, there should be a strong association between mitochondrial haplotypes and 
nuclear alleles.  In contrast, under Hypothesis 3, a relatively recent conversion of a sexual 
species to a primarily parthenogenetic species would preserve the standing mitochondrial 
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diversity.  This assumes the mitochondrial haplotypes diversified during a period of sexual 
reproduction, so there should be a weak nuclear-mitochondrial association (Figure 1.1C).  A test 
capable of estimating the timing of haplotype diversification relative to the evolution of asexual 
reproduction is essential for discriminating among these hypotheses.  The first and third 
hypotheses will be examined in Chapter 2 of my dissertation, while predictions arising from 
Hypothesis 2 will be tested in Chapter 3 via comparisons with another bark louse, Peripsocus 
subfasciatus. 
  
8 
Methods 
Sample Collection and Mitochondrial Sequencing 
This study expands on the mitochondrial DNA analysis of Echmepteryx hageni (Shreve 
et al 2011).  In addition to the original sample, three additional sexual and four asexual 
specimens from southern Illinois were added to the dataset.  Details for sample collection, DNA 
extraction and sequencing a total of 931 bp from the mitochondrial genes NADH-dehydrogenase 
subunit 5 (ND-5) and 12S are described in Shreve et al (2011).  A new analysis on the role of 
selection in mitochondrial sequence evolution and its implications for the evolutionary history of 
E. hageni was further explored using the McDonald-Kreitman test (McDonald & Kreitman 
1991) implemented in DnaSP v5 (Librado & Rozas 2009).  This test compared the number of 
synonymous and non-synonymous changes in the ND-5 sequence within the E. hageni ingroup 
and to an outgroup.  Deviations from expected values under neutral evolution were assessed 
using Fisher’s exact test. 
 
Nuclear DNA Amplification and Sequencing 
Potential nuclear markers were obtained by searching an existing E. hageni Roche 454 
expressed sequenced tags (EST) database (Johnson et al., unpublished) with the amino acid 
sequences genes identified as 1:1 orthologs across existing genomes and using sequences of 
Pediculus humanus (human body louse) genes as references using the tBLASTn algorithm 
following the Target Restricted Assembly Method (TRAM, Johnson et al 2013).  The resulting 
sequences from each search were assembled in Sequencher, and the identity of the contigs was 
confirmed by reciprocal best-BLAST against the genome of Pediculus humanus.  We manually 
screened the contigs for evidence of within-species variation located between conserved regions 
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that could serve as primer binding sites.  Primers were designed for candidate loci using the 
Genbank Primer-BLAST tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  After testing 
the candidate primers, we found four loci that successfully amplified segments with sufficient 
intra-specific variation. 
The first nuclear marker was 137 bp from the elongation factor delta (EF-d) gene using 
the primers EFd-F and EFd-R.  The second locus consisted of 185 bp of V-ATPase (V-ATP) 
using the primers VATP-2-F and VATP-2-R.  The third nuclear locus was 276 bp of the gene 
pyruvate dehydrogenase (PDH) using the primers PDH-1-F and PDH-1-R.  Finally, 
wesequenced 182 bp from 3-hydroxyisobutyrate dehydrogenase (HIBADH) using the primers 
HIBADH-2-F and HIBADH-2-R.  All primer sequences are given in Table 1.2.  PCR reactions 
for all four loci were performed in 12.5 µL using Taq-Pro 1.5 mM Mg
2+
 PCR mix (Denville 
Scientific Inc.) with 1.0 µL of extracted DNA.  The reaction conditions for each locus were 94°C 
for 5 min; 35 cycles of 94°C for 30 s, 46°C for 30 s, 72°C for 30 s; and 72°C for 7 min.  
Sequencing reactions used ABI Prism BigDye Terminators and the same primers from the PCR 
reactions.  Complementary chromatograms were assembled and sequences were aligned using 
Sequencher 4.9.  Single nucleotide polymorphisms were identified based on double peaks in the 
chromatograms and called according to the IUPAC ambiguity codes.  The haplotype phase of 
each sequence was then reconstructed using DnaSP v5 (Librado & Rozas 2009), and statistical 
parsimony networks showing evolutionary relationships among the alleles at each locus were 
constructed using the program TCS (Clement et al 2000). 
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Population Genetic Statistics 
The genetic diversity within the entire species and within only the sexual and asexual 
populations of E. hageni was measured at both the haplotype and nucleotide level for each of the 
four nuclear loci, and for the mitochondrial sequences with the additional samples.  Gene or 
haplotypic diversity (H) is defined as the probability that two randomly selected haplotypes are 
different, and is equivalent to expected heterozygosity in nuclear DNA (Nei 1987).  Nucleotide 
diversity (πN) is a similar measure at the base pair level, summed over all bases (Nei 1987).  In 
addition, departure from Hardy-Weinberg Equilibrium (HWE) for the nuclear genes was 
calculated by an exact test using a Markov chain of 100,000 steps and 1,000 dememorization 
steps.  All statistics were calculated using Arlequin ver. 3.5 (Excoffier et al 2005) 
 
Genetic and Geographic Structure 
 Previous analyses of mitochondrial sequence data only have found significant genetic 
differentiation between the sexual and asexual forms of E. hageni and between the populations in 
the northwestern part of the range (Wisconsin and Minnesota) and the rest of the species (Shreve 
et al 2011).  We tested the genetic differentiation at the nuclear loci to determine if these patterns 
are also present at the nuclear level using an analysis of molecular variance (AMOVA; Excoffier 
et al 1992) implemented in Arlequin.  Significance of the associated Φ-statistics (analogs of F-
statistics incorporating evolutionary distance between haplotypes; Excoffier et al 1992) was 
determined using 10,000 permutations to generate null distributions.  Following the suggestion 
of Excoffier et al (1992), the AMOVA calculations did not include the individual level of the 
hierarchy. 
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Demographic History Based on Neutrality Tests 
Tests of neutrality are sensitive not only to the effects of natural selection on DNA 
sequence date, but also to bottleneck, population size changes, and genetic hitchhiking (Fu 
1997). The neutrality tests D (Tajima 1989), FS (Fu 1997), and F* (Fu & Li 1993) were 
calculated to test the assumption of constant population size.  All of these tests exhibit significant 
negative values under population expansion.  Although several ecological and evolutionary 
phenomena can result in the rejection of neutrality under these tests, it is possible to use a 
combination of test statistics to infer the specific cause of the violation of neutrality.  Fu (1997) 
compared several neutrality tests and showed that the relative powers of the tests to detect 
deviations from neutrality varied according to the cause of the deviation.  Specifically, FS and 
was more powerful in cases of population expansion, and Tajima’s D and Fu & Li’s F* were 
more powerful in the presence of background selection.  Test statistics D and FS were calculated 
using Arlequin, with significance being determined by comparison to a distribution of test 
statistic values from repeated sampling of data generated by a coalescent algorithm under the 
conditions of the null hypothesis.  F* was calculated by DnaSP with significance determined by 
the probability table presented in Fu & Li (1993). 
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Results 
DNA Sequencing 
 All four additional sexual Echmepteryx hageni specimens possessed the common sexual 
haplotype (from Shreve et al. 2011), which is found in 11 of 12 sexual individuals.  The three 
additional asexual specimens possessed previously sampled asexual haplotypes.  Although the 
nuclear markers were all relatively short DNA sequences, there were multiple SNPs at each gene 
with PDH and HIBADH being the most variable.  Wefound 4 SNPs forming 5 unique haplotypes 
at EF-d, 8 SNPs forming 8 haplotypes at V-ATP, 12 SNPs forming 13 haplotypes at PDH, and 
11 SNPs forming 9 haplotypes at HIBADH.  Of the 4 variable sites in the EF-d sequence, one 
was non-synonymous substitution, and the other three were synonymous.  There was also only 
one non-synonymous mutation in the V-ATP sequence.  None of the 12 variable sites in the PDH 
sequence resulted in an amino acid substitution.  Seven of the SNPs were synonymous 
mutations, and the rest of the variable sites were in the 5ʹ-UTR of the gene.  All but one of the 
HIBADH SNPs were in the 3ʹ-UTR, but the single variable site in the coding region of the gene 
resulted in an amino acid change.  Given that the SNPs within each gene were in very close 
proximity, and that there was the significant linkage among them (data not shown), the nuclear 
haplotypes were treated as alleles in subsequent analyses.  Mitochondrial haplotypes and nuclear 
genotypes for each specimen are given in Table 1.1. 
 
Role of Selection in Mitochondrial Sequence Evolution 
There were roughly equal proportions of non-synonymous mutations in the mitochondrial 
ND-5 gene within E. hageni and between E. hageni and the outgroup (Table 1.12; Shreve et al 
2011), and there were no significant deviations from neutral expectation under the McDonald-
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Kreitman test (p = 0.519).  Molecular sequence evolution at the mitochondrial level in E. hageni 
appears to have been largely driven by drift rather than by natural selection.  There was an 
insufficient number of variable sites in coding regions for MacDonald-Kreitman tests of the 
nuclear loci. 
 
Descriptive Population Genetic Statistics 
 The four nuclear loci exhibited a range of variability, with EF-d having the least amount 
of genetic diversity and PDH and HIBADH the most (Table 1.3).  Two of the genes, V-ATP and 
PDH are in Hardy-Weinberg equilibrium.  The HIBADH gene is also in Hardy-Weinberg 
equilibrium within the asexual form of the species, but there is a strong reduction in 
heterozygosity in the sexual form.  Specifically, the sexual E. hageni sampled in this study 
include no heterozygotes at this locus (Table 1.3).  HIBADH is also out of equilibrium when the 
sexual and asexual forms are considered together, probably due to the extreme excess of 
homozygotes contributed by the sexuals.  A similar pattern is found at the EF-d locus, with only 
one heterozygote out of 12 samples.  In this case, however, the effect of the sexual form is not 
quite enough to pull the entire species significantly out of Hardy-Wienberg equilibrium.  Of the 
four genes sequenced in the study, only at V-ATP was the observed sexual heterozygosity 
greater than the expected heterozygosity. 
 In three of the four nuclear loci, the pattern of greater genetic diversity in the asexual 
form of E. hageni observed in the mtDNA data is maintained.   However, the difference in gene 
diversity is very slight, and probably not significant, at V-ATP (H = 0.38 vs. 0.36, with relatively 
large standard deviations; Table 1.3).  The reduction in nucleotide diversity at V-ATP was 
greater than in gene diversity, but again with large sampling standard deviations.  The difference 
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in both measures of genetic diversity between the two reproductive forms was most pronounced 
at the PDH locus.  At none of the genes, however, was the difference between sexual and asexual 
genetic diversity as extreme as that seen in the mitochondrial data (Shreve et al 2011).  Only at 
the least variable marker, EF-d, were the genetic diversity estimates of the sexual greater than the 
estimates for the asexual form.   
 
Genetic and Geographic Structure 
 Statistical parsimony networks showing the relationships among the alleles at each 
nuclear locus reveal a simpler genetic structure than mitochondrial haplotype networks (Figure 
1.2-5, cf. Figure 2.3).  Except for HIBADH, the genetic structure at each marker consists of one, 
high-frequency allele, with several lower frequency alleles branching off in a star-like 
phylogeny.  The HIBADH alleles, on the other hand, are more evenly distributed, with four 
alleles that are of similar frequency (Figure 1.5).  Most alleles present in the sexual E. hageni are 
also found in the asexual form, unlike the situation in the mitochondrial data where there are no 
shared haplotypes (Shreve et al 2011).   EF-d, V-ATP, and HIBADH each have a low frequency 
allele found only in the sexual populations, however.  The simpler genetic networks of the 
nuclear loci made it difficult to detect any underlying geographic or ecological structure.  
AMOVA tables with associated ΦST and ΦIS statistics testing genetic and geographic structure at 
each gene are given in Tables 1.4-10.  There was no significant differentiation between the 
sexual and asexual forms of E. hageni at any of the nuclear markers.  However, the HIBADH 
locus, which has the most statistical power due the high diversity and even distribution of alleles, 
narrowly missed significance at the α = 0.05 level (ΦST = 0.0618, p = 0.0577, Table 1.10).  At the 
other loci, reproductive mode explained between 0% and 3% of the genetic variance (Tables 1.4, 
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1.6, & 1.8).  Unlike mtDNA sequence data, there was no significant differentiation between the 
Minnesota and Wisconsin samples and the rest of the species at any of the nuclear markers 
(Tables 1.5, 1.7, 1.9, & 1.11).  Only at the PDH locus did separating the upper Midwest samples 
from the rest of the distribution explain more than 1% of the genetic variation. 
 
Demographic History 
Demographic history was inferred through the use of multiple tests of neutrality that are 
more (Fu’s FS) or less (Fu & Li’s F*) powerful at detecting departure from neutral sequence 
evolution arising from population expansion (Fu 1997; Ramos-Onsins & Rozas 2002).  The 
neutrality test statistic FS was significant in all groupings of E. hageni at EF-d, and also at the 
asexual and overall-species levels of V-ATP and PDH (Table 1.3).  In contrast, the statistic F*, 
the least powerful test statistic in the presence of population growth, was not significant for any 
group at any nuclear marker.  Tajima’s D, which is intermediate in its power at detecting 
demographic expansion, was significant at V-ATP and some groupings of EF-d, but not at PDH.  
In contrast to the other genes, HIBADH did not have any significant neutrality tests.  Since the 
neutrality test most sensitive to population expansion exhibited significantly negative values at 
three of four markers (four of five when mtDNA is considered), it is likely that asexual E. hageni 
have undergone a population expansion.  This is supported by the network structure of these 
three genes.  Star-like phylogenies, like those seen here, are characteristic of rapidly growing 
populations, as new and rare mutations are more easily captured by the expanding population 
(Avise et al 1984; Rogers & Harpending 1992; Grant & Bown 1998). 
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Discussion 
 Analysis of four nuclear loci in Echmepteryx hageni largely supported the findings of 
Shreve et al (2011) based on mitochondrial data.  Patterns of genetic diversity with respect to 
reproductive mode and inferences of demographic history are largely consistent across 
mitochondrial and nuclear datasets.  There is a general trend for the asexual form of E. hageni to 
have greater haplotypic diversity (gene diversity at nuclear loci) and nucleotide diversity than the 
sexual form (Table 1.3).  The disparity between them was quite large at some loci, particularly 
the mitochondrion and PDH.  There was also a consistent signal of asexual demographic 
expansion across the markers (Table 1.3).  However, there were also some disagreements 
between the mitochondrial and nuclear loci, as many of the patterns of genetic differentiation in 
mitochondrial loci within E. hageni are not present in the nuclear data. 
 The most striking result of the mitochondrial analysis of E. hageni is the highly elevated 
genetic diversity of the asexual population compared to the relatively homogenous sexual 
populations.  The trend of greater genetic diversity in asexual form was confirmed at three of the 
four nuclear loci in this study.  Only at the least variable locus, EF-d, was the asexual form less 
diverse than the sexual form.  However, the difference at the V-ATP locus was very small with 
large sampling standard deviations, so this difference may also not be statistically significant.  
The disparity between the sexual and asexual forms was greatest at the PDH locus.  An 
interesting pattern across the nuclear loci is that at each of the four nuclear markers, there were 
exactly three alleles in the sexual populations (Figure 1.2-5).  All additional alleles are confined 
to the asexual populations.  In other words, as allelic diversity increases across loci, that 
additional diversity is partitioned entirely to the parthenogenetic lineages.  There is therefore a 
general trend in which nuclear loci with higher allelic diversity also exhibit greater differences 
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between the diversities of sexual and asexual populations.  All of these trends hold for both 
haplotypic and nucleotide diversity (Table 1.3). 
Neutrality tests at the four nuclear loci confirm the conclusions from the mitochondrial 
data that the asexual E. hageni have undergone a population expansion (Shreve et al 2011).  As 
in the mitochondrial data, there is not a clear signal of demographic expansion among sexual E. 
hageni.  It is possible that the sexual population, restricted to isolated rock faces, have not had 
the same opportunity for population expansion as the asexual form, although sexual sample sizes 
may have been too small to detect an expansion.  Alternative explanations for deviations from 
neutral evolution, such as purifying selection and genetic hitch-hiking, are not likely given the 
number of unlinked loci showing the same trend.  In addition, most of the significant neutrality 
tests are at the loci in Hardy-Weinberg equilibrium, and so it is unlikely that there is strong 
selection operating.  This is further supported by the MacDonald-Kreitman test, which failed to 
detect any selection at the ND-5 mitochondrial gene in E. hageni, indicating that demographic 
changes have had a stronger influence on the evolutionary history of the species (Shreve et al 
2011).   
HIBADH is the only locus consistently not in Hardy-Weinberg equilibrium, but it has no 
significant neutrality test results.  In fact, for this locus, Tajima’s D and Fu & Li’s F* of the 
asexual populations are slightly positive (though not significant).  On the other hand, Fu’s FS, 
which has the greatest power in the presence of population expansion, is slightly negative.  It is 
possible that other evolutionary processes that tend to result in neutrality test statistics greater 
than zero are operating at the HIBADH locus.  These would work against and balance the effects 
of the demographic expansion, which push the test statistic negative, resulting in values close to 
zero.  Population bottlenecks can result in positive values of neutrality tests, depending on the 
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length, severity, and timing of the bottleneck.  However, we would expect the effects of a 
bottleneck to be seen across loci, rather than at just the HIBADH.  Bottlenecks can affect test 
statistics differently at mitochondrial versus nuclear loci due to different effective population 
sizes of markers (Fay & Wu 1999), but similar effects should be present within genomic regions.  
Balancing selection can also result in neutrality tests greater than zero but would only affect the 
locus under selection.  Although PDH has more alleles, making it appear to be under stronger 
balancing selection, HIBADH has a more even distribution of alleles and thus a larger effective 
number of alleles (ne-HIBADH =4.80 vs. ne-PDH = 4.01; Nielsen et al 2003).  There is no evidence of 
heterozygote advantage at HIBADH (Table 1.3), but there are other mechanisms that can 
maintain variation at a locus.  Inverse frequency-dependent selection and spatial or temporal 
variance in selective pressure can also maintain variation, but further work is necessary to 
distinguish and confirm these processes at the HIBADH locus. 
In addition to the evidence of balancing selection at the HIBADH locus among asexual E. 
hageni, there is also a strong reduction in heterozygosity at the locus in sexual populations.  In 
fact, all sexual E. hageni sequenced in this study are homozygous at HIBADH.  The EF-d and 
PDH loci also showed reductions in sexual heterozygosity, but not to the extreme degree seen in 
HIBADH (Table 1.3).  This pattern is most likely the result of inbreeding within the isolated 
sexual populations, but it is unclear why heterozygosity has been so strongly reduced at 
HIBADH compared to the other loci.  It is also curious that multiple alleles have been 
maintained in both southern Illinois and eastern Kentucky despite the complete lack of evidence 
for interbreeding between individuals with different alleles.  There may be other processes 
operating at the HIBADH locus, such as heterozygote disadvantage, assortative mating, or fine-
scale partitioning of the habitat.  The HIBADH gene is part of degradation pathways of several 
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amino acids, primarily valine (Rougraff et al 1988).  There is no obvious aspect of E. hageni 
ecology or life history that is likely to be exerting selective pressure on HIBADH, whether in 
form of heterozygote disadvantage in the sexual form or balancing selection in the asexual form.  
It is possible that variation in amino acid composition across the diet breadth of E. hageni could 
play a role in shaping the molecular evolution of HIBADH.  Field studies of the reproductive 
biology of E. hageni and biochemical studies of lichens and of enzyme activity in E. hageni are 
needed to answer these questions. 
Although the synthesis of information from all four nuclear markers is consistent with 
population expansion, there is also evidence of gene-specific molecular evolution at HIBADH.  
Only one of the eleven variable sites in the sequenced portion of HIBADH results in an amino 
acid substitution, while all of the other variable sites were in the 3ʹ untranslated region (3ʹ-UTR) 
of the HIBADH mRNA.  Despite the fact that there was only one non-synonymous substitution 
at this highly variable locus, there is evidence of departure from Hardy-Weinberg equilibrium, 
possibly due to balancing selection.  The untranslated regions of mRNA molecules contain many 
regulatory elements, most of them operating on the translational level rather than the 
transcriptional level (Chatterjee & Pal 2009).  The most well-understood regulatory mechanisms 
involve the 5ʹ m7GpppG cap and 3ʹ poly-A tail, but there many other regulatory elements in the 
5ʹ- and 3ʹ-UTRs, including upstream open reading frames, secondary structures, G-C content, 
and multiple poly-adenylation sites (Lie & MacDonald 1999; Wilkie et al 2003; Chatterjee & Pal 
2009).  The large number of polymorphisms in the untranslated regions of HIBADH, and to a 
lesser extent PDH, may indicate tissue- or age-specific regulation on the translational level, and 
the balancing selection may be the result of different selection regimes at different tissues or 
different life stages within an individual. 
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 Although mitochondrial and nuclear data provide broadly similar patterns, there is some 
disagreement between the mitochondrial and nuclear data.  Mitochondrial data suggests that 
there is genetic differentiation both between the upper Midwest populations and the rest of E. 
hageni and between the sexual and asexual forms.  Furthermore, the differentiation of the upper 
Midwest individuals is more pronounced than the divergence between sexual and asexual 
populations based on mitochondrial data (Shreve et al 2011).  Unlike the mitochondrial markers, 
the nuclear genes show no significant genetic differentiation in either regard, although sexual-
asexual differentiation approached significance at HIBADH, the most variable locus.  In general, 
reproductive mode did explain more of the genetic variation within species at all four nuclear 
loci than the upper Midwest split, but the genetic differentiation between these populations was 
not significant.  While the patterns of genetic differentiation present at the mitochondrial level 
were not supported by the nuclear data, the nuclear markers did not contradict this differentiation 
either.  That is, there was no nuclear differentiation contrary to the mitochondrial pattern.  The 
lack of genetic structure at the nuclear loci may be due to the higher effective population size of 
nuclear markers maintaining variation and slowing lineage sorting. 
The first proposed explanation of the restricted distribution of sexual populations in bark 
lice was that they reflect relic populations from Pleistocene glaciation (Mockford 1971).  
However, according the mtDNA data, differentiation in the upper Midwest (0.51% mean 
sequence divergence, ΦST = 0.39), has progressed farther than differentiation between sexual and 
asexual forms (0.17% sequence divergence, ΦST = 0.19), suggesting that the divergence and 
expansion of the Upper Midwest clade predates the divergence between the reproductive forms 
(Shreve et al 2011).  It is reasonable to assume that the Minnesota-Wisconsin expansion must 
have taken place since the last glacial maximum, but a molecular clock calibrated at 2.3% 
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divergence per million years (DeSalle et al 1987; Brower 1994; Trewick 2000) would mean the 
clade is ~220,000 years old.  However, because the coalescent will always be older than the 
event causing the divergence and because of issues with the applicability of the molecular clock, 
there may be inaccuracies associated with dating at population genetic scales (Buckley et al 
2009).  First, at short time scales, the difference in time between the divergence of the gene tree 
into two lineages and the historical event causing the separation or isolation of the population 
can be significant.  Second, molecular clocks have been calibrated based on the substation rate 
among species, while population genetic data consists of segregating polymorphisms within 
species.  An additional factor that may affect the accuracy of the molecular clock with E. hageni 
is that the asexual form may have greater per-year mutation rates (see below), making the 
comparison of divergences between and within reproductive mode problematic.  Nuclear loci 
may show the opposite pattern with greater differentiation between reproductive forms than 
between the Upper Midwest and the rest of the species, but the differentiation in both cases is 
statistically insignificant and should be interpreted cautiously. 
 The pattern of restricted sexuality in E. hageni is characterized by an extremely diverse 
asexual form, especially at the mitochondrial level where it is among the greatest genetic 
diversity values ever reported of asexual animals (Shreve et al 2011).  In contrast, the sexual 
populations exhibit relatively reduced genetic diversity, whether measured at the haplotypic or 
nucleotide levels.  This pattern is supported by most of the nuclear loci examined in this study, 
and the disparity in genetic diversity between the sexual and asexual forms of E. hageni is 
greatest at the more diverse markers.  Contrary to the prediction of Mockford (1971), Pleistocene 
glaciation does not appear to be responsible for the restricted sexuality pattern in E. hageni.  It is 
still unknown whether these trends are universally characteristic of the restricted sexuality 
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distribution pattern, or if they are idiosyncratic of E. hageni.  Only one other species with this 
distributional pattern has been studied, Peripsocus subfasciatus.  The relationship between 
genetic diversity and reproductive mode in this species is examined in Chapter 3, and its 
phylogeography is investigated and discussed in Chapter 4. 
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Figures 
 
Figure 1.1.  Descent of individuals in hypothetical populations under the three hypotheses:  (A) 
sexuals are derived, (B) life history differences shape patterns of genetic diversity, and (C) recent 
conversion of diverse sexual species to parthenogenesis.  Outer boundaries show the true 
mitochondrial haplotype (not population) tree and dashed, horizontal lines represent transitions 
in reproductive mode.  Branch lengths are proportional to number of generations.  When 
individuals from different mitochondrial haplotypes mate, there is a recombination of nuclear 
alleles with respect to mitochondrial haplotypes.  (● = male, ○ = female)  
24 
 
Figure 1.2.  Haplotype network showing relationships of EF-d alleles.  See Table 1.1 for 
individual and allelic and genotypic compositions.  Red = sexual, Green = asexual. 
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Figure 1.3.  Haplotype network showing relationships of V-ATP alleles.  See Table 1.1 for 
individual and allelic and genotypic compositions.   Red = sexual, Green = asexual. 
 
 
  
26 
 
Figure 1.4.  Haplotype network showing relationships of PDH alleles.  See Table 1.1 for 
individual and allelic and genotypic compositions.  Red = sexual, Green = asexual. 
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Figure 1.5.  Haplotype network showing relationships of HIBADH alleles.  See Table 1.1 for 
individual and allelic and genotypic compositions.  Red = sexual, Green = asexual. 
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Tables 
Table 1.1.  Collection localities and genotypes for E. hageni specimens used in analyses.  Nuclear genotypes consist 
of the two haplotype phases of the SNPs inferred for each specimen by DnaSP.  Asterisks denote sexual specimens. 
Specimen Code 
Locality (State:  
Co.) 
mtDNA 
Haplotype 
EF-d 
Genotype 
V-ATP 
Genotype 
PDH 
Genotype 
HIBADH 
Genotype 
Echag.01.16.2001.01 IL:  Pope h20 1/4 1/1 1/1 2/3 
Echag.02.09.2008.01 WI:  Taylor h25 1/1 1/1 1/4 N/A 
Echag.02.09.2008.02 WI:  Taylor h25 1/1 1/1 1/4 N/A 
Echag.02.09.2008.03 WI:  Taylor h26 1/1 1/1 1/1 1/3 
Echag.02.09.2008.04 MN:  Pine h23 1/1 1/8 1/2 2/3 
Echag.02.09.2008.05 MN:  Pine h2 1/1 1/1 1/2 2/2 
Echag.02.09.2008.06 WI:  Burnett h1 1/1 1/1 1/4 1/3 
Echag.02.09.2008.08 NC:  Columbus h19 1/1 1/1 1/8 1/1 
Echag.05.28.2008.01* IL:  Johnson Co. h10 1/1 1/2 1/1 2/2 
Echag.05.28.2008.02* IL:  Johnson Co. h10 1/1 1/1 1/1 2/2 
Echag.05.28.2008.03 IL:  Perry h29 1/1 2/5 1/5 N/A 
Echag.05.28.2008.04 IL:  Perry h28 1/2 1/1 5/6 1/3 
Echag.05.28.2008.05 IL:  Jackson h13 1/1 1/1 2/13 1/3 
Echag.05.28.2008.06 IL:  Jackson h21 1/2 1/1 2/5 2/3 
Echag.10.10.2007.01 IL:  Champaign h24 1/1 1/2 1/6 3/4 
Echag.10.10.2007.02 MS:  Marshall h11 1/1 1/3 1/2 1/2 
Echag.10.10.2007.03 MS:  Chickasaw h3 1/1 1/1 1/7 1/4 
Echag.10.10.2007.04 AL:  Hale h12 1/1 1/1 1/2 1/2 
Echag.10.10.2007.05 AL:  Hale h17 1/1 1/1 1/4 4/5 
Echag.10.10.2007.06 GA:  Fannin h4 1/1 1/2 2/6 2/6 
Echag.10.10.2007.07 TN:  Stewart h4 1/1 1/6 1/12 2/3 
Echag.10.10.2007.08 TN:  Overton h8 1/1 1/8 2/2 2/2 
Echag.10.12.2011.05* IL:  Johnson h10 1/1 1/1 1/1 2/2 
Echag.10.12.2011.06* IL:  Johnson h10 1/1 1/2 1/2 1/1 
Echag.10.12.2011.07* IL:  Johnson h10 1/1 1/1 1/1 1/1 
Echag.10.12.2011.08* IL:  Johnson h10 1/1 1/1 1/1 1/1 
Echag.10.12.2011.09 IL:  Johnson h24 1/1 1/1 1/12 2/3 
Echag.10.12.2011.10 IL:  Johnson h6 1/1 1/1 1/11 4/4 
Echag.10.12.2011.11 IL:  Johnson h24 1/1 1/1 1/5 4/7 
Echag.11.02.2001.01* IL:  Johnson h22 1/1 1/2 1/1 1/1 
Echag.11.02.2001.02* IL:  Johnson h10 1/1 1/1 1/1 1/1 
Echag.11.02.2001.03 IL:  Johnson h28 1/1 1/1 1/5 1/2 
Echag.11.02.2001.07 IL:  Jackson h13 1/1 1/3 2/7 N/A 
Echag.11.02.2001.08 IL:  Perry h27 1/2 1/1 2/6 5/5 
Echag.11.02.2001.09 IL:  Perry h20 1/1 1/2 1/9 3/3 
Echag.11.02.2001.10* IL:  Johnson h10 1/1 1/1 1/1 2/2 
Echag.11.14.2006.01 IL:  McLean h9 1/5 1/1 2/3 N/A 
Echag.11.14.2006.02* KY:  Carter h10 1/2 1/1 1/3 9/9 
Echag.11.14.2006.03* KY:  Carter h10 3/3 1/7 3/3 1/1 
Echag.11.14.2006.05 MO:  Montgomery h5 1/1 1/2 3/11 2/4 
Echag.11.14.2006.07* IL:  Johnson h10 1/1 1/2 1/1 1/1 
Echag.11.14.2006.08 IL:  Jackson h6 1/1 4/4 1/11 4/4 
Echag.12.18.2008.01 NY:  Ulster h9 1/2 1/1 6/10 4/6 
Echag.12.18.2008.02 NY:  Fulton h7 1/2 1/2 1/4 2/3 
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Table 1.1 cont. 
Specimen Code 
Locality (State:  
Co.) 
mtDNA 
Haplotype 
EF-d 
Genotype 
V-ATP 
Genotype 
PDH 
Genotype 
HIBADH 
Genotype 
Echag.12.18.2008.03 TN:  Overton h8 1/1 1/8 2/2 2/2 
Echag.12.18.2008.04 GA:  Fannin h30 1/1 1/1 5/13 3/7 
Echag.12.21.2007.01 MS:  Lafayette h14 1/1 1/1 4/4 3/4 
Echag.12.21.2007.02 MS:  Choctaw h15 1/1 1/5 1/3 1/8 
Echag.12.21.2007.03 IN:  Vermillion h6 1/1 1/1 1/1 4/4 
Echag.12.21.2007.04 KY:  Lyon h13 1/1 1/1 1/2 1/3 
Echag.12.21.2007.05 KY:  Whitley h16 1/1 1/3 3/12 2/3 
Echag.12.21.2007.06 NC:  Columbus h18 1/1 1/1 1/5 1/4 
Echag.12.21.2007.08 IL:  Champaign h5 1/1 1/2 3/11 2/4 
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Table 1.2.  Primer sequences used in PCR amplification. 
Locus Primer Name Primer Sequence 
ND-5 F7081EH 5′-AATTC TCCCA CCAAA TAATG ACC-3′ 
 R7495EH 5′-GCTGG TGTTT ATTTA YTWAT TCG-3′ 
12S 12Sai 5′-AAACT AGGAT TAGAT ACCCT ATTAT-3′ 
 12Sbi 5′-AAGAG CGACG GGCGA TGTGT-3′ 
EF-d EFd-F 5′-TTGCA TAGTT TCAGT CAACC AGTCT-3′ 
 EFd-R 5′-CCTTG GGATG ACGAG ACCGA C-3′ 
V-ATP VATP-2-F 5′-GAAGC TGTTG CCATC TACGG TC-3′ 
 VATP-2-R 5′-TACAA ACAAT GCTGA ATTGG CAGC-3′ 
PDH PDH-1-F 5′-ATTCT GTTTC GCTCA TTCTC GAC-3′ 
 PDH-1-R 5′-CGACA GCGAT ACCGG CAAAG-3′ 
HIBADH HIBADH-2-F 5′-CCTAG CCCAT GGAGA AGGAG AT-3′ 
 HIBADH-2-R 5′-ACATG TGAGA GGTGA ATTAT CAGTT-3′ 
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Table 1.3.  Population genetic statistics for E. hageni at the four nuclear loci.  Values are given both for the entire species and for the asexual and sexual forms.  
Statistics from mtDNA sequence data (Shreve et al 2011) provided as comparison  The genetic diversity indices are gene diversity (H, equivalent to expected 
heterozygosity and  to haplotypic diversity in mtDNA), nucleotide diversity (πN), and observed heterozygosity (Hobs).  Resultant p-values of exact tests for Hardy-
Weinberg equilibria (HWE) are given for nuclear markers.  Values for three neutrality tests are given, with asterisk denoting significance at p < 0.05.  Error 
estimates for H and πN are ± standard deviation as calculated by Arlequin. 
Locus Grouping n H πN Hobs HWE Tajima's D Fu's FS Fu & Li's F* 
EF-d Overall 53 0.18 ± 0.049 0.0015 ± 0.0020 0.15 0.062 -1.45* -4.16* -1.74 
 Asexual 41 0.16 ± 0.054 0.0014 ± 0.0020 0.17 1.00 -1.29 -2.86* -2.02 
 Sexual 12 0.24 ± 0.11 0.0017 ± 0.0023 0.083 0.044 -1.20 -1.41* -0.84 
          
V-ATP Overall 53 0.38 ± 0.058 0.0028 ± 0.0026 0.38 0.24 -1.60* -4.69* -0.94 
 Asexual 41 0.38 ± 0.067 0.0030 ± 0.0027 0.37 0.20 -1.47* -3.61* -0.30 
 Sexual 12 0.36 ± 0.11 0.0020 ± 0.0022 0.42 1.00 -0.67 -0.63 -0.76 
 
 
        
PDH Overall 53 0.76 ± 0.037 0.0046 ± 0.0032 0.71 0.50 -1.19 -5.81* -0.42 
 Asexual 41 0.83 ± 0.028 0.0055 ± 0.0037 0.88 0.66 -1.02 -5.17* -0.31 
 Sexual 12 0.30 ± 0.11 0.0011 ± 0.0013 0.17 0.25 -0.92 -0.96 -0.84 
 
 
        
HIBADH Overall 47 0.79 ± 0.019 0.0092 ± 0.0060 0.57 0.00044 -0.17 -0.93 -0.078 
 Asexual 35 0.81 ± 0.022 0.0096 ± 0.0062 0.77 0.15 0.12 -0.44 0.46 
 
Sexual 12 0.57 ± 0.071 0.0069 ± 0.0050 0.0 0.00002 1.23 2.06 0.90 
         
mtDNA Overall 53 0.95 ± 0.021 0.0060 ± 0.0033 N/A N/A -1.68* -15.73* -2.68* 
 Asexual 41 0.98 ± 0.0092 0.0070 ± 0.0037 N/A N/A -1.54* -14.90* -2.48 
 Sexual 12 0.17 ± 0.13 0.00018 ± 0.00029 N/A N/A -1.14 -0.48 -1.20 
 
 
 32 
Table 1.4.  AMOVA table testing genetic differentiation at the EF-d gene between sexual and asexual E. 
hageni.  Values and significance of the ΦST and ΦIS statistics are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 0.00104 1.03 
Among Individuals w/in 
Reproductive Mode 
51 0.0147 14.59 
Within Individuals 53 0.0849 84.37 
Total 105 0.101  
    
ΦST 0.0103 p = 0.487  
ΦIS 0.147 p = 0.212  
 
 
 
Table 1.5.  AMOVA table testing genetic differentiation at the EF-d gene between the Minnesota and 
Wisconsin E. hageni and the remainder of the species.  Values and significance of the ΦST and ΦIS statistics 
are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
MN-WI vs. Remainder 1 -0.00237 -2.38 
Among Individuals w/in Region 51 0.0155 15.84 
Within Individuals 53 0.0849 86.55 
Total 105 0.0981  
    
ΦST -0.238 p = 1.00  
ΦIS 0.155 p = 0.217  
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Table 1.6.  AMOVA table testing genetic differentiation at the V-ATP gene between sexual and asexual E. 
hageni.  Values and significance of the ΦST and ΦIS statistics are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 -0.00239 -0.94 
Among Individuals w/in 
Reproductive Mode 
51 0.0140 0.55 
Within Individuals 53 0.255 100.39 
Total 105 0.254  
    
ΦST -0.00942 p = 1.00  
ΦIS 0.00546 p = 0.622  
 
 
 
Table 1.7.  AMOVA table testing genetic differentiation at the V-ATP gene between the Minnesota and 
Wisconsin E. hageni and the remainder of the species.  Values and significance of the ΦST and ΦIS statistics 
are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
MN-WI vs. Remainder 1 -0.00569 -2.27 
Among Individuals w/in Region 51 0.00171 0.68 
Within Individuals 53 0.255 101.59 
Total 105 0.251  
    
ΦST -0.0227 p = 1.00  
ΦIS 0.00667 p = 0.634  
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Table 1.8.  AMOVA table testing genetic differentiation at the PDH gene between sexual and asexual E. 
hageni.  Values and significance of the ΦST and ΦIS statistics are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 0.0189 2.94 
Among Individuals w/in 
Reproductive Mode 
50 0.0274 4.26 
Within Individuals 52 0.596 92.80 
Total 103 0.642  
    
ΦST 0.0294 p = 0.133  
ΦIS 0.0439 p = 0.254  
 
 
 
Table 1.9.  AMOVA table testing genetic differentiation at the PDH gene between the Minnesota and 
Wisconsin E. hageni and the remainder of the species.  Values and significance of the ΦST and ΦIS statistics 
are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
MN-WI vs. Remainder 1 0.00777 1.24 
Among Individuals w/in Region 51 0.0330 5.27 
Within Individuals 53 0.585 93.49 
Total 105 0.626  
    
ΦST 0.0124 p = 0.606  
ΦIS 0.0534 p = 0.181  
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Table 1.10.  AMOVA table testing genetic differentiation at the HIBADH gene between sexual and asexual E. 
hageni.  Values and significance of the ΦST and ΦIS statistics are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 0.0547 6.18 
Among Individuals w/in 
Reproductive Mode 
45 0.252 28.95 
Within Individuals 47 0.564 64.88 
Total 93 1.000  
    
ΦST 0.0618 p = 0.0577  
ΦIS 0.309 p = 0.00157  
 
 
 
Table 1.11.  AMOVA table testing genetic differentiation at the HIBADH gene between the Minnesota and 
Wisconsin E. hageni and the remainder of the species.  Values and significance of the ΦST and ΦIS statistics 
are also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
MN-WI vs. Remainder 1 0.00337 0.40 
Among Individuals w/in Region 45 0.272 32.40 
Within Individuals 47 0.564 67.19 
Total 93 0.839  
    
ΦST 0.00402 p = 0.662  
ΦIS 0.325 p = 0.00012  
 
 
 
Table 1.12.  Contingency table showing results of MacDonald-Kreitman test on the ND-5 mitochondrial gene 
in E. hageni.  From Shreve et al (2011). 
 
Polymorphisms Substitutions 
Synonymous 38 43 
Non-Synonymous 16 13 
% Non-Synonymous 29.6 23.2 
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CHAPTER 2:  DIRECTION OF THE EVOLUTION OF REPRODUCTIVE MODE 
AND ROLE OF ENDOSYMBIONTS IN ECHMEPTERYX HAGENI 
 
Introduction 
 The scaly-winged bark louse Echmepteryx hageni (Psocoptera:  Lepidopsocidae) is 
one of several species of bark lice that exhibit a unique geographic pattern of co-existence 
between sexual and asexual forms.  This pattern is distinct from the better known and 
studied pattern of geographic parthenogenesis (Peck et al 1998; Kearney 2005).  We have 
coined this novel pattern “restricted sexuality,” and it is characterized by widely distributed 
parthenogenetic populations and isolated or peripheral sexual populations (Mockford 1971; 
see Chapter 1 for a full description of the pattern).  In E. hageni, restricted sexuality is 
associated with strong disparity between asexual lineages with very high genetic diversity 
and sexual populations with reduced genetic diversity.  This pattern is most clearly seen in 
mitochondrial DNA sequence data (Shreve et al 2011), but is also present at multiple 
nuclear loci (Chapter 1).  We have proposed three hypotheses that could explain the 
differences between sexual and asexual genetic diversity in E. hageni:  (1) sexual 
reproduction is derived and recent in origin within E. hageni, (2) life history differences 
between the sexual and asexual forms are causing asexual lineages to have a per-year 
mutation rate, and (3) a recent conversion of E. hageni from sexual to primarily asexual 
reproduction that preserved the standing diversity of the ancestral, sexual species (Figure 
1.1A-C).  All of these hypotheses relate specifically to E. hageni and do not make any 
assumptions about evolutionary origins or effects of the restricted sexuality distribution.  
However, further research into other species displaying restricted sexuality may reveal that 
certain evolutionary processes and genetic diversity patterns are associated with the pattern. 
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Under Hypothesis 1, hereafter referred to as the derived sexuality hypothesis, the 
low genetic diversity of the sexual populations could be the result of a founder effect.  This 
is contrary to many expectations and assumptions about how reproductive mode has 
evolved in metazoans.  Except for a few notable exceptions (Judson and Normark 1996; 
Mark Welch & Meselson 2000), nearly all asexual animals occupy terminal nodes of 
phylogenetic trees (Simon et al 2003; Schwander & Crespi 2009).  As a result, asexuality in 
animals is nearly always assumed to be derived at al taxonomic and phylogenetic levels.  It 
is the first example of irreversible evolution cited by Bull & Charnov (1985), and is often 
the unstated assumption in phylogenetic and phylogeographic studies even if character 
reconstruction would give an ambiguous result (e.g. Pongratz et al., 2003).  The arguments 
supporting the irreversibility of asexual reproduction include the difficulty of regaining 
males and meiotic cell division once they have been lost.  The likelihood of restoring these 
requirements for sexual reproduction is dependent on the sex determination mechanism and 
mode of parthenogenesis in a given species.  For example, it is probable that species with 
automictic parthenogenesis is much more likely to regain sex than apomictic species where 
meiosis has been entirely suppressed.  In addition, while it is important to weight reversions 
appropriately during character reconstruction (Trueman et al 2004), this is rarely explicitly 
done in the case of reproductive mode. 
The derived sexuality hypothesis appears to be supported based on maximum 
parsimony phylogenetic analysis of mitochondrial haplotypes (Figure 2.1; Shreve et al 
2011).  When rooted using an outgroup, the sexual haplotypes are in an apical location.  
However, because of the long branches leading to the outgroup, there is still some 
uncertainty in the rooting of the E. hageni mitochondrial tree.  Rooting intraspecific 
phylogenetic trees poses a significant problem to the study of evolutionary histories within 
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species.  The use of outgroups, traditional in interspecific phylogenies, may not give a 
reliable root in phylogenetic analyses below the species level (Templeton et al 1995).  
Outgroups are especially difficult to accurately connect to an ingroup if the divergence 
between the outgroup and ingroup is much greater than differentiation within the ingroup 
(Hendy & Penny 1989; Wheeler 1990; Hedin 1997; Arbogast et al 2001; Graham et al 
2002; Jennings et al 2003).  This can result in a lack of statistical resolution for the 
placement of the root (Castelloe & Templeton 1994).  In addition, genetic markers with 
enough variability to resolve relationships at the intraspecific level may have become 
saturated along the branches between the target species and the outgroup (Maddison et al 
1992; Arbogast et al 2001; Miller & Austin 2006; Tsang et al 2008). 
One solution is to find an outgroup closer to the target species can is able to break 
the long branch, but this is not always possible.  In the case of E. hageni, the two outgroup 
species used in the maximum parsimony analysis of the mitochondrial data, E. intermedia 
and E. youngi, are likely the sister species of E. hageni.  While there has been no 
phylogenetic analysis of the genus Echmepteryx, the two outgroup species were formerly 
included within E. hageni, and were only classified as separate species by Mockford (1974) 
on the basis of pigmentation differences on the head.  Model-based phylogenetic methods 
such as maximum likelihood, however, may be able to account for multiple substitutions 
along the branches leading to the outgroup and allow a more accurate rooting, provided 
there is any phylogenetic signal remaining in the outgroup sequences.  However, estimation 
of model parameters may pose difficulties because of mixing of long and short branches in 
the tree over which these parameters are estimated. 
A second approach is to eliminate the problem by rooting the haplotype network 
using coalescent-based methods (Castelloe & Templeton 1994) that do not require an 
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outgroup.  Contrary to outgroup rooting, which tends to be biased to connecting distant 
outgroups to the longest internal branch in the ingroup (Wheeler 1990), the coalescent-
based method determines the root probabilities of the sampled haplotypes.  This approach 
can therefore only root haplotype networks on extant, sampled haplotypes, while outgroups 
will tend to root networks on unsampled or extinct haplotypes.  This method roots E. 
hageni on the primary sexual haplotype (Figure 2.2; Shreve et al 2011), contradicting the 
derived sexuality hypothesis, but there are also reasons to question this rooting.  The root 
probabilities are partially based on connectedness of haplotype and haplotype frequencies 
(Castelloe & Templeton 1994).  The primary sexual haplotype is one step away from an 
unsampled or extinct haplotype that nonetheless is the junction of several branches (Figure 
2.2).  However, if a sample of this haplotype existed, it is unclear how this would affect the 
root probability of the adjacent haplotypes.  Another issue is that the sexual form of E. 
hageni is over-represented in the dataset relative to the sexual:asexual ratio in nature.  This 
sampling regime was intentional to ensure that the full picture of the genetic relationships 
between the two reproductive forms would be captured by the data.  However, subsequent 
to this sampling we found that the sexual form almost entirely consists of a single 
haplotype, so the frequency and perhaps root probability of that haplotype may have been 
artificially inflated.  Finally, while the primary sexual haplotype does have the greatest root 
probability (p = 0.196), it is not that much greater than the next highest root probability (p = 
0.130, haplotype 24, Figure 2.2) and there is less than a 1 in 5 chance that the coalesent-
based rooting of E. hageni is correct (Shreve et al 2011). 
The second hypothesis, that the asexual form has experienced greater per-year 
mutation rates, is explored and testing in Chapter 3.  Hypothesis 3, also referred to as the 
recent asexuality hypothesis, is in many respects the inverse of the derived sexuality 
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hypothesis.  While the derived sexuality hypothesis proposes that the direction of evolution 
of reproductive mode was asexual to sexual in E. hageni, the recent sexuality hypothesis 
suggests the opposite.  This hypothesis posits that E. hageni was a genetically diverse, 
sexually reproducing species.  At some point in recent evolutionary history, the majority of 
E. hageni populations were converted from sexual to primarily asexual reproduction 
through a process that was able to preserve the standing diversity of the ancestral sexual 
form of the species.  The sexual populations are therefore remnants of more widespread 
sexual reproducing populations, and their genetic homogeneity may indicate that their 
escape from the conversion to asexuality is linked to the unique mitochondrial haplotypes 
found only in the sexual populations.  The most likely cause of a sudden, widespread 
conversion to asexual reproduction is infectious parthenogenesis caused by a bacterial 
endosymbiont. 
How the recent asexuality hypothesis could explain the pattern of genetic diversity 
in E. hageni relies on two main assumptions.  First, this hypothesis assumes that asexual E. 
hageni are infected with a parthenogenesis-inducing endosymbiont.  Parthenogenetic 
reproduction in insects is often associated with infection by bacterial endosymbionts, 
Wolbachia being the most prominent example (Duron et al 2008; Engelstadter & Hurst 
2009).  One psocopteran species, the bisexual Liposcelis tricolor, is known to be infected 
by Wolbachia, but the endosymbiont does not appear to be associated with parthenogenesis, 
male-killing or feminization of males in L. tricolor (Dong et al 2006).  Perotti et al (2006) 
has shown that at least two species of psocopterans are infected by a Rickettsia-like 
endosymbiont, and that presence of bacteria may be correlated with asexual reproduction.  
One E. hageni specimen was included in the Perotti et al study, and tested negative for the 
endosymbiont.  However, it was not reported whether a sexual or asexual individual was 
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tested.  Another bacterial endosymbiont, Cardinium sp., has been shown to be involved in 
parthenogenesis (Provencher et al 2005).  The asexual L. bostrychophila is infected by 
Rickettsia sp. in English populations (Yusuf & Turner, 2004) but with Cardinium sp. in 
Chinese populations (Wang et al, 2008).  However, in both cases curing the endosymbiont 
infection did not result in production of male offspring.  Parthenogenesis-inducing 
Wolbachia are only known from taxa with haplo-diploid sex determination (Weeks & 
Breeuwer 2001; Huigens & Stouthamer 2003; but see Pike & Kingcombe 2009), but it is 
not known if this restriction to haplo-diploidy applies to other parthenogenesis-inducing 
endosymbionts as well.  Infection by parthenogenesis-inducing endosymbionts can shape 
genetic diversity (e.g. Plantard et al, 1998; Rodriguero et al, 2010), although the precise 
nature of the relationship is not completely clear, and there have been no studies comparing 
the presence or absence of endosymbionts across different reproductive forms of the same 
species in Psocoptera. 
 The second major assumption of the recent conversion hypothesis is that E. hageni 
populations were mostly or entirely sexual during mitochondrial diversification (Figure 
1.1C).  Sexual reproduction can result in novel combinations of nuclear alleles and 
mitochondrial haplotypes, in the process randomizing the distribution of nuclear alleles 
with respect to mitochondrial cytotypes.  In contrast, asexual reproduction will maintain 
allelic associations, if not the genotype, with the particular cytotype in all of an individual’s 
descendants.  If E. hageni has been diversifying during conditions of asexual reproduction, 
there should be a strong association between the nuclear alleles and mitochondrial 
haplotypes present in the individual specimens, whereas widespread, historical sexual 
reproduction should have broken down and weakened those associations.  
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Cytonuclear equilibrium can be used to test the statistical strength of nuclear-
mitochondrial associations at multiple loci in order to infer the more prevalent historical 
mode of reproduction in E. hageni.  The impact of parthenogenetic reproduction on 
cytonuclear disequilibrium has been studied on a theoretical basis in a hypothetical plant 
system (Overath & Asmussen, 2000).  This study incorporated rates of outcrossing and 
selfing into the simulation, which are common in asexual plant systems, but there is no 
evidence that they are present in asexual E. hageni.  Under the special case of outcrossing 
rates and selfing rates of zero, likely the most applicable to the E. hageni system, allelic and 
genotypic disequilibrium is fixed at a constant, initial level.  Overath & Asmussen (2000) 
present hypothetical sexual populations with certain levels of disequilibrium.  At the onset 
of parthenogenetic reproduction, cytonuclear disequilibrium is fixed, and does not decay or 
increase.  However, the study only considered changes in disequilibria values over a 
relatively short time scale, approximately 50 generations.  On this time scale, the fact that 
the nuclear and cytoplasmic loci are themselves evolving can be ignored. 
There have been no theoretical or empirical studies of cytonuclear disequilibrium on 
an evolutionary time-scale.  However, if a population has been reproducing asexually for 
time periods that are evolutionarily significant, it is clear the cytonuclear disequilibrium 
will be affected.  The nature of the effect is likely dependent on how cytonuclear 
disequilibrium is measured.  If the evolutionary relatedness of haplotypes and alleles is 
ignored, there can be an apparent decrease in cytonuclear disequilibrium.  For example, as 
new haplotypes arise, it can appear as if a given nuclear allele or genotype is associated 
with several different cytoplasmic haplotypes.  This approach treats all haplotypes and 
alleles as independent, when in fact there is a hierarchical, phylogenetic structure relating 
them.  The statistical problem inherent in treating evolutionarily related units as 
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independent has long been recognized (Felsenstein 1985).  New methods of assessing 
cytonuclear disequilibrium need to be developed if it is being used to address evolutionary 
questions. 
 The goal of this study is to explore the evolutionary processes driving genetic 
diversity in sexual and asexual populations of E. hageni by testing the derived sexuality and 
recent asexuality hypotheses.  We assessed the strength of the rooting provided by the 
phylogenetic analysis with an outgroup and evaluated the support of the various inferred 
roots in E. hageni mitochondrial haplotype network in relation to the derived sexuality 
hypothesis.  We also examined support for the recent sexuality hypothesis by screening E. 
hageni for the presence of parthenogenesis-inducing endosymbionts and by inferring the 
mode of reproduction during haplotype diversification.  We accomplished this by assessing 
the strength of nuclear-mitochondrial genetic associations using cytonuclear disequilibrium.  
For comparison to E. hageni, we also screened the bark louse Peripsocus subfasciatus for 
endosymbionts associated with parthenogenesis.  P. subfasciatus is another species 
exhibiting the restricted sexuality distribution pattern, and is discussed in greater detail in 
Chapters 3 and 4. 
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Methods 
Insect Genetic Data 
The analysis of cytonuclear disequilibrium in Echmepteyrx hageni used 931 bp of 
mitochondrial DNA from the ND-5 and 12S genes (see Shreve et al 2011 for PCR reaction 
conditions), and sequences from four unlinked nuclear loci.  The nuclear genes used in this 
study are 137 bp from elongation factor delta (EF-d), 185 bp from V-ATPase (V-ATP), 276 
bp of pyruvate dehydrogenase (PDH), and 182 bp from 3-hydroxyisobutyrate 
dehydrogenase (HIBADH).  Please refer to Chapter 1 for details on sample collection, 
marker discovery, PCR amplification, and sequencing. 
 
Phylogenetic Analyses 
To determine the stability of the topology and rooting of the maximum parsimony 
analysis of the mitochondrial data, we performed a model-based, maximum likelihood 
analysis of the mitochondrial data.  Maximum likelihood analyses were conducted in 
GARLI v0.96 (Zwickl 2006) using the HKY+Γ substitution model, as determined in 
jModeltest using Bayesian information criteria (Guindon & Gascuel 2003; Posada 2008).  
Twenty independent runs were conducted in GARLI, with the results of each combined in a 
majority rule consensus tree using Dendroscope (Huson et al 2007).  Branch support was 
determined with a bootstrap analysis consisting of 200 replicates.  The bootstrap consensus 
tree was computed in PAUP. 
 
Outgroup Randomization 
We used randomized sequences of the mitochondrial data to assess the strength of 
the phylogenetic signal of the E. intermedia and E. youngi outgroup sequences (Maddison 
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et al 1992; Donoghue 1994; Qiu et al 2001).  We constructed 100 random outgroups based 
on the segregating sites between the ingroup and outgroup.  Sites that differed between the 
two outgroup sequences were allowed to vary in the random outgroups as well.  Neighbor-
joining analyses were conducted in PAUP for each random outgroup with the original E. 
hageni mitochondrial dataset, and rooting of random outgroup was compared to the true 
outgroup rooting. 
 
Database Screening for Endosymbionts 
 We screened a pre-existing E. hageni Roche 454 EST database (Johnson et al, 
unpublished) and Peripsocus subfasciatus Illumina genomic library (Johnson et al, 
unpublished) for endosymbiont sequences using the stand alone BLAST+ v2.2.22 toolkit.  
P. subfasciatus is another bark louse species with a similar distribution pattern of sexual 
and asexual forms to E. hageni.  A full discussion of its genetic structure and comparisons 
with E. hageni and be found in Chapters 3 and 4.  Using the BLASTn algorithm, 
wesearched both databases for endosymbiont sequences using 16S rRNA from each species 
(Wolbachia, Rickettsia, and Cardinium) downloaded from Genbank as the queries.  We 
also screened for Wolbachia using the amino acid sequences from two protein-coding 
genes, Wolbachia surface protein (wsp) and propionyl-CoA carboxylase (pCc) genes, using 
tBLASTn searches.  The resulting sequences from each search were assembled in 
Sequencher, and the identity of the contigs was confirmed by reciprocal best-BLAST 
against the Genbank database. 
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PCR Screening of Endosymbionts 
I screened E. hageni and P. subfasciatus for the presence of three bacterial 
endosymbionts associated with parthenogenesis using PCR to amplify bacterial genes from 
the genomic DNA extraction of the bark lice.  Details concerning sample collection and 
DNA extraction can be found in Chapter 1 for E. hageni and Chapter 3 for P. subfasciatus.  
All PCRs were performed using the GoTaq Flexi polymerase and buffer (Promega). 
I searched for evidence of infection by the Wolbachia endosymbiont using two 
genes:  16S and wsp.  The primers for the 16S rRNA gene, WolbEchag16S-1-f and 
WolbEchag16S-1-r, were designed based on the Wolbachia 16S sequence found in the E. 
hageni EST library using the Genbank Primer-BLAST tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  Sequences for all primers used in the 
endosymbiont search are given in Table 2.1.  The final reagent concentrations for the 
Wolbachia 16S amplifications were 1.5 µL of extracted DNA in 1.0X buffer, 1.5 mM 
MgCl2, 0.2 mM dNTPs, 0.4 µM of each primer, 0.06 mg/mL bovine serum albumin (BSA), 
two units of Taq polymerase, and water to bring the total reaction volume to 25 µL.  The 
reaction conditions were 94°C for 2 min; followed by 94°C for 30 s, 56°C for 30 s, and 
72°C for 30 s for 35 cycles; and a final elongation step of 72°C for 5 min.  The wsp PCR 
used the primers Wsp-81F and Wsp-691R (Zhou et al 1998).  The final reagent 
concentrations for the wsp amplifications followed the protocol of Zhou et al (1998):  1.5 
µL of extracted DNA in 1.0X buffer, 2.5 mM MgCl2, 0.25 mM dNTPs, 0.5 µM of each 
primer, four units of Taq polymerase, and water to bring the total reaction volume to 20 µL.  
The reaction conditions were 94°C for 2 min; followed by 94°C for 1 min, 56°C for 1 min, 
and 72°C for 1 min for 35 cycles; and a final elongation step of 72°C for 7 min. 
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 The primers Rick-16S-F and Rick-16S-R (Perotti et al 2006) were used to screen for 
Rickettsia.  The final reagent concentrations and reaction conditions followed the protocol 
of Perotti et al (2006):  1.5 µL of extracted DNA in 1.0X buffer, 1.5 mM MgCl2, 0.2 mM 
dNTPs, 0.4 µM of each primer, 0.04 mg/mL bovine serum albumin (BSA), 1.2 units of Taq 
polymerase, and water to bring the total reaction volume to 20 µL.  The reaction conditions 
were 95°C for 2 min; followed by 95°C for 45 s, 55°C for 45 s, and 72°C for 45 s for 35 
cycles; and a final elongation step of 72°C for 7 min.  Screening for the presence of 16S 
sequences from the endosymbiont Cardinium used the primers CLO-f1 and CLO-r1 (Gotoh 
et al 2007).  The final reagent concentrations were 1.5 µL of extracted DNA in 1.0X buffer, 
1.5 mM MgCl2, 0.2 mM dNTPs, 0.4 µM of each primer, 0.08 mg/mL bovine serum 
albumin (BSA), 1.25 units of Taq polymerase, and water to bring the total reaction volume 
to 25 µL.  The reaction conditions were 94°C for 2 min; followed by 94°C for 30 s, 54°C 
for 30 s, and 72°C for 30 s for 35 cycles; and a final elongation step of 72°C for 7 min, 
following Duron et al (2008). 
 
Phylogenetic Analysis of Endosymbionts 
 The relationship of Wolbachia and Rickettsia endosymbionts found in E. hageni to 
other strains was determined using maximum likelihood phylogenetic analyses.  16S 
sequence data from each endosymbiont were retrieved from Genbank 
(http://www.ncbi.nlm.nih.gov/) by BLASTing the sequences from E. hageni against the 
Genbank databases.  The analysis of Wolbachia included 247 sequences downloaded from 
Genbank, including Rickettsia and Erlichia outgroup sequences with a total length of 891 
bp.  The dataset included seven sequences from parasitic lice hosts (Insecta:  Phthiraptera), 
but no bark louse sequences were found in Genbank for comparison.  The Rickettsia 
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analysis included 61 sequences from Genbank, including Erlichia and Anaplasma 
outgroups, with a total length of 1243 bp.  This dataset included several sequences infecting 
Liposcelis bostrychophila (Psocoptera:  Liposcelidae).  Alignment of 16S sequences was 
done using MAFFT v6 (Katoh et al 2002; Katoh & Toh 2008) using the E-INS-I algorithm.  
Maximum likelihood phylogenetic analyses followed the same procedures outlined above 
for E. hageni.  Analysis of Wolbachia used the TIM1+Γ model, and Rickettsia used the 
TIM3+Γ model, as determined by jModeltest. 
 
Analysis of Cytonuclear Disequilibrium 
We evaluated the degree of association between nuclear and mitochondrial markers 
visually by mapping the allele frequencies onto the haplotype network.  We also employed 
a more statistical approach of assessing nuclear-mitochondrial associations using 
cytonuclear disequilibrium, which can be measured at the genotypic and allelic level 
(Asmussen et al, 1987; Asmussen & Basten, 1996).  Associations of nuclear genotypes and 
of nuclear alleles with mitochondrial haplotypes were calculated using the program CNDm 
(http://statgen.ncsu.edu/brcwebsite/software_BRC.php#Cytonuclear-diseq).  The 
significance of the overall genotype-haplotype and allele-haplotype associations was 
estimated using a Monte Carlo re-shuffling algorithm. 
Current methods of calculating and testing cytonuclear disequilibrium, however, do 
not account for the evolutionary relatedness among alleles or haplotypes.  An allele shared 
between distantly related haplotypes is treated the same way as an allele shared between 
mother and daughter haplotypes.  In other words, nuclear alleles or genotypes shared by 
mother and daughter haplotypes have same impact on the strength of nuclear-mitochondrial 
associations as alleles or genotypes found in distantly related haplotypes.  Nuclear alleles 
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shared between ancestral or sister haplotypes should have a different meaning than alleles 
shared between more distantly related haplotypes.  Diversification of asexual haplotypes 
would result in the descendant haplotypes sharing the same nuclear alleles even in the 
absence of recombination of nuclear and mitochondrial alleles, thus underestimating 
cytonuclear disequilibrium over evolutionary time scales.   In order to account for the 
evolutionary relatedness of haplotypes, weiteratively collapsed ancestral and descendant 
haplotypes (Templeton et al 1987; Templeton & Sing 1993), and recalculated cytonuclear 
disequilibria levels at each step.  This allowed me to capture associations of nuclear alleles 
among related mitochondrial haplotypes, and also to potentially get an approximate 
estimate of when the conversion to asexuality occurred relative to the diversification of 
haplotypes.  This analytical approach assumes that mitochondrial haplotypes are evolving 
at a much greater rate than the nuclear loci, as is the case for most insects, including bark 
lice (Moriyama & Powell, 1997).  As a result, microsatellite loci would be inappropriate 
markers to use in such an analysis. 
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Results 
Phylogenetic Analysis 
 The maximum likelihood tree had an identical topology to the maximum parsimony 
tree, but differs in the placement of the root (Figure 2.3, cf. Figure 2.1).  Both analyses, 
however, root the tree away from the clade containing the sexual Echmepteryx hageni.  
Bootstrap support values for the maximum likelihood tree were low, as they were for the 
maximum parsimony tree.  This is to be expected since most haplotypes are only separated 
from each other by a single mutational step (Shreve et al 2011). 
 
Outgroup Randomization 
 The random outgroup sequences rooted the Echmepteryx hageni mitochondrial tree 
in 12 separate locations.  These locations, along with the coalescent-based rooting, are 
marked on maximum parsimony tree (Figure 2.1), and the proportion of randomized 
outgroups connecting to the E. hageni tree in each of those locations is given in Table 2.2.  
The most common rooting among the random outgroups (40%, Location B) was identical 
to the rooting using the original outgroup of E. intermedia and E. youngi, which is the 
longest branch on the intraspecific network.  The next most common root placements were 
also on relatively long branches within E. hageni, suggesting that divergent outgroups with 
low phylogenetic signal have particular affinity for connecting to long intraspecific 
branches (Wheeler 1990).  None of the random outgroups, however, rooted the 
mitochondrial tree on or near the sexual haplotypes (Location N, Figure 2.1), contrary to 
the coalescent-based rooting of the TCS network building program (Shreve et al 2011). 
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Endosymbiont Screening 
 Searches of the E, hageni EST library found Wolbachia 16S rRNA gene sequences, 
but no matches to Wolbachia surface protein (Table 2.3).  This is likely the result of 16S 
having a much higher copy number and thus greater representation in the EST library than 
wsp.  There was no evidence of Rickettsia or Cardinium in the E. hageni database, nor were 
any endosymbiont sequences found in the Peripsocus subfasciatus genomic library.  The 
presence of Wolbachia in E. hageni was confirmed by PCR screening and BLASTing PCR 
results against Genbank.  Wolbachia 16S sequences were amplified from both sexual and 
asexual specimens, but were not universally found in either reproductive form (Table 2.4).  
We were also able to amplify Wolbachia surface protein, but only from a small number of 
specimens.  Again, the difficulty may lay in the difference in copy number between 16S 
and wsp.  Unlike the results of the next-generation sequencing database search, PCR 
screening also found evidence of Rickettsia 16S sequences in E. hageni.  However, as was 
the case with Wolbachia, infection by Rickettsia was only confirmed in approximately half 
of the screened specimens, regardless of reproductive mode (Table 2.4).  PCR screening 
supported the lack of Cardinium in E. hageni indicated by the 454 EST database search, 
and no endosymbiont sequences were amplified from P. subfasciatus. 
 
Phylogenetic Analysis of Endosymbionts 
 Wolbachia are taxonomically organized into supergroups, groups, and strains on the 
basis of sequence identity (Zhou et al 1998).  The Wolbachia infecting E. hageni fell within 
the supergroup B, but the available 16S sequence data were insufficient to resolve 
relationships below the supergroup level (data not shown).  No other sequences from bark 
louse hosts were included in the analysis, but strains infecting parasitic lice were found in 
 57 
supergroups B and F.  However, the relationships between Wolbachia infecting E. hageni 
and those infecting parasitic lice within the supergroup could not be determined.  All 
Wolbachia supergroups A-H were recovered in the analysis. 
 The Rickettsia sequences from E. hageni were within the clade including 
endosymbiotic Rickettsia (marked by asterisk, Figure 2.4).  The rickettsial strains infecting 
E. hageni are closely related to those infecting Liposcelis bostrychophila, another primarily 
asexual bark louse species.  However, the precise relationships among the E. hageni strain, 
L. bostrychophila strains, and other endosymbiotic Rickettsia could not be determined.  The 
endosymbiotic Rickettsia clade also includes pathogenic species vectored by arthropods, 
such as R. felis, R. australis, and R. helvetica.  The phylogenetic tree of Rickettsia presented 
here is largely consistent with rickettsial relationships inferred by Weinert et al (2009). 
 
Cytonuclear Disequilibrium 
The haplotype and genotypes found in each individual specimen are given in Table 
1.1.  We found no significant allelic or genotypic disequilibrium at EF-d at any nesting 
level (Table 2.5), but this locus is dominated by a single allele (Figure 2.5).  There were 
private nuclear alleles associated with some mitochondrial haplotypes, but for the most part 
the alleles were single copy in the dataset, and therefore of little utility in measuring 
associations.  The ubiquity of EF-d allele 1 and the rarity of the other alleles makes any 
statistically significant association nearly impossible.  There is also no significant allelic or 
genotypic association at the V-ATPase locus (Table 2.6).  Although it is also dominated by 
one high-frequency allele, the next two most common alleles are also found in all three 
major clades (alleles 2 and 3, red and blue colors; Figure 2.6), and the fourth most common 
allele is found in two of the major clades (allele 8, light blue color). 
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The PDH locus showed significant nuclear allele-mitochondrial haplotype 
associations at the haplotype level and after collapsing haplotypes by one mutational step, 
but the associations disappeared at higher nesting levels.  There were also significant 
genotype-haplotype associations at all nesting levels (Table 2.7).  In contrast to the 
cytonuclear disequilibrium statistics, it is apparent from a visual inspection of the haplotype 
network (Figure 2.7) that the most common PDH alleles are distributed across the network.  
The alleles in Figure 2.7 are ranked according to frequency, and the first 5 alleles are 
distributed across all three major clades (two of the three clades in the case of allele 4).  In 
addition, these alleles are found in distantly related individuals within each clade.  The 
same situation can be seen at the genotypic level, most clearly in the 1/4 nuclear genotype 
(Figure 2.7; haplotypes that are half green, half yellow).  Individuals with this genotype 
possess haplotypes that are not closely related (h1, h7, h17, and h25).  It is frequently the 
case that descendent haplotypes possess alleles and genotypes not found in the parent 
haplotype (e.g. clade 1-6 and 1-15). 
Associations between the nuclear and mitochondrial genomic regions at the 
HIBADH locus showed a similar pattern to the PDH locus.  Allele-haplotype associations 
were present at lower nesting levels but disappeared as haplotypes were collapsed, and all 
genotypic associations were statistically significant (Table 2.8).  Visually, however, 
individuals with the same nuclear genotypes often possess mitotypes that are distantly 
related, and there is often no relationship between the alleles present in a parent haplotype 
and its daughter haplotypes (e.g. haplotypes in clades 1-5 and 1-6; Figure 2.8). 
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Discussion 
Phylogenetic Analyses and the Derived Sexuality Hypothesis 
Additional phylogenetic analyses of mitochondrial data from E. hageni using 
different tree construction methods and the random outgroups test provided mixed support 
for the derived sexuality hypothesis.  The maximum likelihood analysis of E. hageni 
mitochondrial data had identical topology as the maximum parsimony tree, but rooted the 
tree differently (Figure 2.3, cf. Figure 2.1; Shreve et al 2011).  The maximum likelihood 
rooting was still distant from the sexual haplotypes and would still seem to support the 
derived sexuality hypothesis.  However, the different rootings of the maximum parsimony 
and maximum likelihood analyses highlight the instability of phylogenetic outgroup rooting 
in E. hageni, and suggest that the phylogenetic signal relating the outgroup specimens to E. 
hageni may be obscured by noise.  Relationships within E. hageni were identical between 
the maximum parsimony and maximum likelihood analyses, and so the noise is only a 
factor at the interspecific level and does not seem to affect inference of intraspecific 
relationships.  A maximum parsimony analysis with the third codon position of ND-5 
excluded was identical to the maximum likelihood analysis (Shreve et al 2011).  The 
maximum likelihood analysis therefore appears to account for possible multiple 
substitutions and saturation at the third codon position with respect to the outgroup.  
However, the resulting tree is somewhat unbalanced and may not represent the correct 
rooting despite the model-based methodology of correcting for biases in the outgroup 
sequences.  The support for the derived sexuality hypothesis from mitochondrial data alone 
remains ambiguous even with these additional analyses. 
 In addition, the outgroup randomization test provided no support for the derived 
sexuality hypothesis.  Forty out of one hundred random outgroup sequences rooted the E. 
 60 
hageni mitochondrial tree in the same location as the true outgroup in the maximum 
parsimony analysis (Location B; Figure 2.1; Table 2.2).  This can be interpreted as a p-
value indicating support for the outgroup-based rooting.  There is a 40% probability that a 
random outgroup would give the same result as that observed in the actual data, indicating a 
lack of statistical support for the rooting in the maximum parsimony analysis.  The 
connection points of the randomized outgroups to E. hageni mitochondrial tree matched the 
maximum likelihood rooting only 2% of the time (Location F, Table 2.2).  However, the 
random outgroups were not subjected to a model-based analysis, and it is unknown how 
they would behave in a maximum likelihood framework.  It therefore may not be 
appropriate to compare the maximum likelihood rooting to the results of the randomized 
outgroup test without additional analyses.  It appears that the outgroup sequences have very 
little phylogenetic signal with respect to the E. hageni haplotype network.  An outgroup 
evolutionarily closer to the ingroup may alleviate some of this problem, but it is unlikely 
that a closer, more appropriate outgroup exists in the case of E. hageni (see Introduction).   
Given the different ways outgroup and coalescent-based rooting methods work, it 
would be extremely unlikely for any randomized outgroup rootings to match the coalescent 
rooting.  Traditional phylogenetic methods assume that there are no extant ancestral 
sequences in the dataset.  In other words, they assume none of the internal nodes are 
represented in the data and all specimens are therefore placed on the leaves of the 
phylogenetic tree (Posada & Crandall 2001).  One of the consequences of this assumption 
is that outgroups will tend to connect to an internal branch rather than to one of the 
operational units in the analysis.  In contrast, the coalescent-based approach not only allows 
for ancestral sequences (i.e. internal nodes) to be present in the data, it assumes that they 
will be the most common sequences in a dataset (Castelloe & Templeton 1994; Grant & 
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Bowen 1998; Posada & Crandall 2001).  This method will therefore only root a network on 
a (usually internal) node and never on a branch.  Despite this limitation imposed by the 
different methodologies, none of the random outgroups rooted the E. hageni anywhere near 
the primary sexual haplotype (Location N, Figure 2.1, Table 2.2).  However, the 
randomized outgroup test is likely even less valid as an evaluation of the coalescent-based 
rooting than it is of the maximum likelihood rooting since the coalescent-based approach 
does not use an outgroup at all. 
 
Role of Endosymbionts in Reproductive mode and Diversity of E. hageni 
 There is evidence of Wolbachia and Rickettsia bacteria infecting E. hageni from 
both database and PCR screening.  While both of these endosymbionts have been 
associated with parthenogenesis in insects, there is no evidence that either is responsible for 
inducing asexual reproduction in E. hageni.  Neither endosymbiont was found in all asexual 
E. hageni, as would be required for the causative agent of parthenogenesis.  Removal of 
parthenogenesis-inducing Wolbachia have resulted in the restoration of sexual reproduction 
in haplodiploid hosts (Stouthammer et al 1990; Giorgini 2001) or sterility in hosts with 
others sex-determination mechanisms (Pike & Kingcombe 2009; Timmermans & Ellers 
2009), suggesting that continued presence of the endosymbiont is necessary for asexual 
reproduction in a given individual, at least for Wolbachia.  The different effects are likely 
the result of different cytogenetic mechanisms of parthenogenesis induction (Adachi-
Hagimori et al 2008) and the ease of restoring males to a population with haplodiploidy.  In 
addition, both types of endosymbionts were also present in the sexual form, again arguing 
against their role as a causative factor in parthenogenesis.  It is possible that there are two 
strains of one of the endosymbionts infecting E. hageni, one parthenogenesis-inducing and 
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one not, but there is currently no evidence of this.  The 16S sequence fragments from 
Wolbachia and Rickettsia were identical between the two reproductive forms. 
 The phylogenetic relationships among Wolbachia strains share very little 
concordance with host phylogenies (Werren et al 1995), but there are exceptions. For 
example, Wolbachia infecting fleas (Insecta:  Siphonaptera) form a monophyletic group 
(Dittmar & Whiting 2004; supported in our analysis), suggesting a single infection.  
However, supergroup B Wolbachia infects a wide taxonomic variety of insects and non-
insect arthopods, including E. hageni.  The relationships between Wolbachia infecting E. 
hageni and those infecting parasitic lice in supergroup B could not be resolved, but it is 
unlikely they are closely related to each other or descendants of a single infection early in 
the evolutionary history of the Psocodea (parasitic lice plus bark lice).  Wolbachia is 
widespread within parasitic lice, and infections include strains from supergroups A, B, and 
F (Kyei-Poku et al 2005; Covacin & Barker 2007), suggesting multiple initial infection 
events. 
 Maternally inherited endosymbionts can have a large effect on the genetic diversity 
and genetic structure of their hosts, particularly at the mitochondrial level (Hurst & Jiggins 
2005).  Infection by a parasitic endosymbiont is often associated with reduced 
mitochondrial genetic diversity because of hitchhiking by haplotypes in linkage 
disequilibrium with the endosymbiont (Ballard & Kreitman 1994; Ballard 2000; Jiggins 
2003; Hurst & Jiggins 2005).  The trend of reduced mitochondrial diversity is strongly 
supported by within species comparisons between infected and uninfected populations 
(Roehrdanz et al 2006), thus controlling for many of the other factors that may drive 
genetic diversity patterns.  However, E. hageni clearly does not exhibit reduced 
mitochondrial diversity, at least in regard to the asexual form (Shreve et al 2011). 
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There is another pattern of mitochondrial diversity often observed in association 
with endosymbionts.  Infection by multiple strains or species of endosymbionts can result 
in low diversity within populations, but high diversity among infection types, characterized 
by mitochondrial networks with short terminal and long internal branches (Hurst & Jiggins 
2005).  However, it is not clear whether the mitochondrial genetic diversity in E. hageni is 
consistent with this pattern.  While there are some longer internal branches on the E. hageni 
mitochondrial network (Figure 2.2), there are also several long terminal branches.  In 
addition, the dynamics of Wolbachia versus Rickettsia infection in E. hageni is not yet 
known.  In addition, although the extent of endosymbiont infection in E. hageni is not fully 
understood, the mitochondrial genetic diversity of the species does not fall within any of 
the common patterns of endosymbiont-driven mitochondrial diversity. 
 The effect of maternally inherited endosymbionts on nuclear genetic diversity is 
more complicated.  In the case of the Hymenoptera, and presumably other haplodiploid 
hosts, Wolbachia infection results in fully homozygous individuals and eliminates genetic 
variation at the individual level (Pannebakker et al 2004).  However, nuclear genetic 
diversity at population level is dependent at the epidemiological history of the particular 
infections.  High rates of horizontal transmission can maintain allelic diversity within or 
among populations, as in the parasitoid wasp Leptopilina clavipes (Pannebakker et al 
2004).  Primarily vertical transmission of endosymbionts, on the other hand, results in low 
genetic variation across individuals at greater spatial scales, e.g. in the gallwasp Diplolepis 
spinosissimae (Plantard et al 1998).  Finally, the effect of Wolbachia infection on 
mitochondrial and nuclear genetic diversity in the weevil Naupactus cervinus is perhaps 
opposite of the expected pattern:  high mitochondrial diversity and low nuclear diversity 
(Rodriguero et al 2010).  This can be attributed to a relatively ancient infection that has 
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allowed mitochondrial loci with its greater mutation rate to accumulate mutations, while the 
nuclear loci have retained the genetic signature of selective sweep of the Wolbachia 
through the species (Rodriguero et al 2010). 
 Endosymbionts can also affect the population genetic structure of host species and 
species complexes.  Wolbachia has been linked to increased divergence between infected 
and non-infected populations of the springtail Folsomia candida (Frati et al 2004) and 
between sister Drosophila species. (Shoemaker et al 2004).  The infection status of E. 
intermedia and E. youngi is not known, but this phenomenon may partially explain the 
large genetic distance between E. hageni and these closely related species.  The lack of 
divergence between sexual and asexual haplotypes in E. hageni, despite their 
differentiation, is further evidence that reproductive mode differences are not correlated 
with endosymbiont infection of the asexual form.  For species with endosymbiont 
infections, the genetic structuring of mitochondrial variation does not always extend to 
nuclear loci (Ballard et al 2002, but see Telschow et al 2002), suggesting that gene flow 
between infected and non-infected individuals is possible in some cases.  While this is a 
possible explanation for the lack of differentiation at nuclear loci in E. hageni (see Chapter 
1 for details), there is no evidence of differential endosymbiont infection between 
reproductive forms. 
 
Nuclear-Mitochondrial Associations 
 There is no evidence of nuclear-mitochondrial associations in E. hageni at a 
phylogenetic scale, at least at the allelic level (Tables 2.5-8).  This is consistent with 
mitochondrial diversification occurring during a background of sexual reproduction prior to 
the onset of parthenogenesis, as predicted by the recent asexuality hypothesis.  The other 
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two hypotheses, on the other hand, predict that E. hageni was predominantly 
parthenogenetic during mitochondrial diversification.  While above we explored the role on 
endosymbionts in asexual reproduction in E. hageni, the cytonuclear disequilibrium tests 
make no assumptions about the cause of parthenogenesis. 
The current methods of calculating cytonuclear disequilibrium do not take into 
account the evolutionary relatedness of mitochondrial haplotypes or nuclear alleles.  As a 
result, new mitotypes or nuclear alleles arising in a population through mutation will 
decrease cytonuclear disequilibrium, even in parthenogenetic species that do not experience 
the recombination of nuclear and mitochondrial DNA that is the result of sex.  For example, 
after a mitochondrial mutation, nuclear alleles formerly associated with a single mitotype 
will now be associated with two different mitotypes.  In order to address this shortcoming 
of cytonuclear disequilibrium, weiteratively collapsed mitochondrial haplotypes and re-
tested the strength of nuclear mitochondrial associations.  This approach does account for 
evolution of mitochondrial haplotypes, but still ignores evolution of nuclear loci.  Given the 
relative mutation rates in the mitochondrial and nuclear genomic regions (Moriyama & 
Powell, 1997), this seemed to be an adequate approach assuming the appropriate nuclear 
loci are employed.  Using this novel analytical approach, wepredicted that nuclear-
mitochondrial associations present at an evolutionary timescale should be apparent at 
higher nesting levels, even if mutation and divergence have broken them down at lower 
nesting levels. 
Contrary to the predicted outcome, the PDH and HIBADH loci showed significant 
associations at lower nesting levels, but not at higher levels.  The significance at lower 
nesting levels is likely a statistical artifact arising from these loci having a large number of 
alleles distributed across a network consisting of many low-frequency haplotypes.  Given 
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the extremely high mtDNA haplotypic diversity in E. hageni and the fact that there is no 
single dominant allele, it is inevitable that each allele will only be present in a subset of the 
haplotypes.  The resulting statistical associations disappeared after taking mitochondrial 
evolution into account by collapsing the haplotypes, suggesting that alleles are uncorrelated 
with mitochondrial haplotypes on a phylogenetic scale.   
 Genotypic cytonuclear disequilibria exhibited a discordant pattern of nuclear-
mitochondrial associations compared to allelic disequilibrium at the PDH and HIBADH 
loci.  The issues presented by the larger number of alleles at these highly diverse loci are 
increased at the genotypic level by the even larger number of possible genotypes.  The 
number of possible genotypes increases with the square of number of alleles, so that the 91 
possible genotypes at the PDH locus exceed the current sample size of the study.  We 
therefore give more weight to the allelic associations over the genotypic associations.  This 
conclusion is supported by two facts.  First, many of the individual genotype-cytotype 
disequilibria values that are significant at the 2-step nesting level are genotypes that are 
found in only one specimen and in one of the smaller mitochondrial clades, for example the 
2/7 genotype found only in one individual in clade 2-6 (Figure 2.7).  The CNDm program 
interprets this as a significant association between the genotype and the haplotype cluster, 
but in reality a genotype that only occurs once carries no information about associations or 
lack thereof with a haplotype.  Second, the p-values of the overall genotypic associations 
are noticeably greater at higher nesting levels, although they are still less than 0.05 (Tables 
2.7 & 2.8).  This suggests that, as with allelic cytonuclear disequilibrium at PDH and 
HIBADH, taking evolution of haplotypes into account weakens the statistical association 
between genotypes and cytotypes.  However, effect of large numbers of genotypes is still 
strong enough to overcome the nesting and keep the association statistically significant.  It 
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may be that current statistical methods for detecting cytonuclear disequilibrium need to be 
re-evaluated and refined to account for these issues. 
The issue of significant of genotypic associations is further compounded in the case 
of HIBADH by the homozygosity of the sexual form of E. hageni, possibly due to 
inbreeding in the small populations (Table 1.3; see discussion in Ch. 1).  As a result, the 
sexual haplotypes and the higher-level haplotype groups that include the sexual haplotypes 
are strongly associated with the homozygous genotypes.  These specific disequilibria are 
contributing the overall significance of nuclear genotype-mitotype associations.  However, 
the cause of this association (high homozygosity in the sexual form) is distinct from the 
phylogenetic-level of associations we are interested in here.  The effect of sexual 
homozygosity on HIBADH genotypic disequilibria may be reflected by the much lower p-
value of the overall association seen in the 3-step nesting level of HIBADH compared to 
PDH (Table 2.8; cf. Table 2.7). 
 
Assumptions of the Recent Asexuality Hypothesis 
 In testing the recent asexuality hypothesis, we assumed that the rapid conversion of 
E. hageni from sexual to primarily asexual reproduction is the result of a parthenogenesis-
inducing endosymbiont.  However, despite the evidence of cytonuclear disequilibrium, the 
lack of an apparent role for bacterial endosymbionts in the asexual reproduction of E. 
hageni casts doubt on the recent asexuality hypothesis.  While the hypothesis does not 
necessarily require the presence of parthenogenesis-inducing endosymbionts, it is the most 
likely mechanism for a rapid conversion of E. hageni from sexual to asexual reproduction.  
A selective sweep of a novel, asexual genotype within E. hageni would result in the 
fixation of the now-linked mitochondrial haplotypes, ruling this out as an alternative to 
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endosymbiont-induced parthenogenesis.  The results of this study do not necessarily rule 
out endosymbionts as the causal agents of parthenogenesis.  While Cardinium was not 
found by either screening method, this does not prove that it is absent from E. hageni, but 
only that we could not find it.  It is also possible that other endosymbionts besides those 
searched for in this study are capable of altering the reproductive biology of their hosts and 
present in E. hageni.  A corollary of the endosymbiont assumptions is that the primary 
mode of transmission of the endosymbiont was horizontal, and either the rate of vertical 
transmission was low or the fitness advantage to infected, parthenogenetic E. hageni was 
weak.  Otherwise, the mitochondrial haplotypes of infected E. hageni would have become 
fixed via hitchhiking.   
Interspecific horizontal transmission of Wolbachia (where most of the research has 
been focused) is well known and common occurrence (e.g. Haine et al 2005; Sintupachee et 
al 2006; Stahlhut et al 2010; Martins et al 2012;  Watanabe et al 2012;Yang et al 2012; Zug 
et al 2012).  However, transmission within species is generally assumed to be vertical 
(Hurst & Jiggins 2005; Serbus et al 2008; Engelstadter & Hurst 2009; Richardson et al; 
2012; Watanabe et al 2012).  Although maternal inheritance is undoubtedly the primary 
mode of intraspecific transmission, there are instances where horizontal transmission has 
played a more dominant role in the distribution of endosymbionts within species.  Lack of 
correlation between Wolbachia strains and host mitotypes in Agelenopsis spiders at both 
within and among species levels suggest that horizontal transmission is common and 
possibly more important than vertical transmission in driving Wolbachia population 
structure and host genetic diversity patterns (Baldo et al 2008).  A similar pattern of weak 
Wolbachia-mitotype associations has been observed in wood ants Formica rufa 
(Viljakainen et al 2008), Drosophila willistoni (Muller et al 2012), and the Asian corn borer 
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moth Ostrinia furnacalis (Li et al 2013), suggesting horizontal transmission may be 
widespread. 
The high genetic diversity of asexual E. hageni may itself be interpreted as evidence 
of horizontal transmission of an endosymbiont, should one be found and linked to 
reproductive mode.  The presence of significant mitochondrial and nuclear variation 
(though not nearly as great as in asexual E. hageni:  H = 0.3 vs. H = 0.97) in thelytokous 
populations of the wasp Leptopilina clavipes has been attributed to extensive intraspecific 
horizontal transmission of Wolbachia (Kraaijeveld et al 2011; but see Charlat et al 2009).  
Horizontal transmission has also been identified in other endosymbionts besides those 
associated with parthenogenesis, such as the bacterium Asaia sp. in the leafhopper 
Scaphoideus titanus (Gonella et al 2012) and multiple endosymbionts in the whitefly 
Bemisia tabaci complex (Ahmed et al 2013).  Horizontal transmissions is often mediated by 
co-feeding on host plants, such as in sap-feeding B. tabaci (Caspi-Fulger et al 2012) and in 
blood-feeding cat fleas Ctenocephalides felis (Hirunkanokpun et al 2011; Reif et al 2011).  
This is unlikely to be an important route of transmission in bark lice, which scrape lichen 
and organic material from substrates, but research into the feeding ecology of E. hageni is 
necessary. 
Genetic diversity in E. hageni could also have been preserved by low fitness 
advantages in infected individuals conferred by the endosymbiont, preventing the rapid 
displacement of uninfected lineages while the endosymbiont moved through the species 
horizontally.  However, horizontal transmissions should theoretically be associated with 
high fitness advantages, though this has only been tested in mutualistic endosymbionts 
(Russell & Moran 2005).  Epidemiological modeling may be able to shed light on the 
relationship between fitness and transmission mode and determine the relative weights of 
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vertical and horizontal transmission necessary to preserve genetic diversity during the 
spread of an endosymbiont through a species. 
A second corollary of the assumption that endosymbionts are the most likely cause 
of a rapid conversion of mitochondrial lineages from sexual to asexual reproduction is that 
the haplotypes that escaped the conversion were somehow physiologically or ecologically 
resistant to infection by the endosymbiont.  If the extant sexual haplotypes were associated 
with rock-dwelling even prior to the conversion of other populations to asexuality, the 
presumably different lichen communities on the rock faces which constitute the primary 
diet of the bark lice may have provided protection against endosymbiont infection (Shreve 
et al 2011).  Lichens can have an extensive secondary chemistry (de Angelis et al 2003) 
that includes a variety of putative functions, including defense against bacteria (Lauterwein 
et al 1995; Stocker-Worgotter et al 2004).  Regardless of how the sexual haplotypes 
escaped infection, we would expect that a resistant mitotype in southern Illinois and eastern 
Kentucky would capture distinct sets of nuclear alleles at the two geographically distant, 
remnant sexual populations.  At each of the four nuclear loci examined in this study, there 
were alleles found in the eastern Kentucky sexual population that were not present in 
southern Illinois, and three of the loci (V-ATP, PDH, and HIBADH) also had alleles 
present in southern Illinois but not in eastern Kentucky (Table 2.9).  Interestingly, the 
eastern Kentucky population appears to have at least as much allelic diversity (or more in 
the case of EF-d) even though it was undersampled relative to the southern Illinois sexual 
populations.  The capture of distinct alleles by a resistant mitotype would also explain the 
lack of genetic differentiation with respect to reproductive mode among the nuclear loci 
and the comparatively strong sexual-asexual differentiation at the mitochondrial level (see 
Ch. 1). 
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As well as contributing to the understanding of intraspecific evolution of 
reproductive mode, this study will also advance the study of cytonuclear disequilibrium.  It 
represents the first use of cytonuclear disequilibrium to infer information about the timing 
of the origin of asexual reproduction in a species.  Although it only provides a relative date 
compared to the diversification of mitochondrial haplotypes rather than an absolute date, it 
is still a new use for cytonuclear disequilibrium.  In addition, this study developed and 
tested a novel approach to the analysis of cytonuclear disequilibrium:  collapsing parent-
daughter haplotypes into haplogroups in order to take into account the evolutionary 
relatedness of haplotypes. 
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Figures 
 
Figure 2.1.  Maximum parsimony 50% majority rule consensus tree based on ND-5 and 
12S data.  Clades compatible with the 50% majority rule are included.  Specimens are 
labeled with specimen codes, collection locality, and haplotype number (see Table 1.1).  
Sexual individuals are identified with a vertical bar.  Branches are labeled with bootstrap 
support values.  True branch lengths connecting E. hageni to the outgroups are 41 changes 
along each branch.  Tree modified from Shreve et al (2011).  Letters below branches 
indicate attachment point of random outgroup sequence (See Table 2.2).    
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Figure 2.2.  Statistical parsimony network of E. hageni mitochondrial haplotypes based on 
ND-5 and 12S sequences.  Green haplotypes are found in the asexual form of E. hageni and 
red haplotypes in the sexual form.  The square, primary sexual haplotype has the greatest 
root probability as determined by the coalescent-based method.  See Table 1.1 for specimen 
identification and collection data for each haplotypes.  Modified from Shreve et al (2011) 
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Figure 2.3.  Maximum likelihood tree based on ND-5 and 12S mitochondrial data.  Tree is 
a 50% majority rule consensus tree based on 20 independent runs, and branches are labeled 
with bootstrap support values.  Specimens are labeled with specimen codes, collection 
locality, and haplotype number (see Table 1.1).  Sexual individuals are identified with a 
vertical bar.  From Shreve et al (2011) 
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Figure 2.4.  Maximum likelihood tree of 16S sequences from endosymbiotic, pathenogenic, 
and free-living Rickettsia.  Topology is a majority-rule consensus of 20 independent 
maximum likelihood runs, with bootstrap support based on 200 replications.  The asterisk 
denotes the clade containing endosymbiotic Rickettsia.  Branch lengths within and leading 
to outgroups reduced ~10% for readability.  
* 
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Figure 2.5.  E. hageni mitochondrial haplotype network, with allele frequencies of the EF-d 
nuclear locus mapped onto the haplotypes.  Nesting scheme for collapsing haplotypes 
shown (see Methods for details).  Sexual haplotypes (h10 and h22, at the top of the 
network) are marked with a bold outline. 
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Figure 2.6.  E. hageni mitochondrial haplotype network, with allele frequencies of the V-
ATP nuclear locus mapped onto the haplotypes.  Nesting scheme for collapsing haplotypes 
shown (see Methods for details).  Sexual haplotypes (h10 and h22, at the top of the 
network) are marked with a bold outline. 
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Figure 2.7.  E. hageni mitochondrial haplotype network, with allele frequencies of the PDH 
nuclear locus mapped onto the haplotypes.  Nesting scheme for collapsing haplotypes 
shown (see Methods for details).  Sexual haplotypes (h10 and h22 at the top of the network) 
are marked with a bold outline. 
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Figure 2.8.  E. hageni mitochondrial haplotype network, with allele frequencies of the 
HIBADH nuclear locus mapped onto the haplotypes.  Nesting scheme for collapsing 
haplotypes shown (see Methods for details).  Sexual haplotypes (h10 and h22 at the top of 
the network) are marked with a bold outline.  
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Tables 
Table 2.1.  Primer sequences used for endosymbiont screening in E. hageni. 
Locus Primer Name Primer Sequence 
Wolbachia 16S WolbEchag16S-1-f 5′-AGAAT GAACG CTGGC GGCAG G-3′ 
 WolbEchag16S-1-r 5′-CCTTC GCGCT TCAGC GTCAG A-3′ 
Wolbachia Wsp Wsp-81F 5′-TGGTC CAATA AGTGA TGAAG AAAC-3′ 
 Wsp-691R 5′-AAAAA TTAAA CGCTA CTCCA-3′ 
Rickettsia 16S Rick-16S-F 5′-ASGCG GTCAT CTGGG CTACA ACT-3′ 
 Rick-16S-R 5′-CCCGC TGGCA AATAA GAATG AGG-3′ 
Cardinium 16S CLO-f1 5′-GGAAC CTTAC CTGGG CTAGA ATGTA TT-3′ 
 CLO-r1 5′-GCCAC TGTCT TCAAG CTCTA CCAAC-3′ 
 
 
 
Table 2.2.  Proportion of randomized outgroups  the E. hageni mitochondrial tree at different locations.  Refer 
to Figure 2.1 for the locations outgroup placements within E. hageni.  MP = maximum parsimony, ML = 
maximum likelihood 
Root Location Proportion Comments 
A 0.12  
B 0.40 MP outgroup rooting 
C 0.19  
D 0.10  
E 0.02  
F 0.02 ML outgroup rooting 
G 0.03  
H 0.03  
J 0.01  
K 0.06  
L 0.01  
M 0.01  
N 0.00 Coalescent-based rooting 
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Table 2.3.  Results of screening E. hageni EST database and P. subfasciatus Illumina genomic database for 
sequences from parthenogenesis-inducing endosymbionts. 
Locus E. hageni P. subfasciatus 
Wolbachia 16S Yes No 
Wolbachia surface protein No No 
Wolbachia propionyl-CoA carboxylase No No 
Rickettsia 16S No No 
Cardinium 16S No No 
 
 
 
Table 2.4.  Proportion of infected individuals based on PCR screening of asexual and sexual E. hageni and of  
P. subfasciatus for sequences from parthenogenesis-inducing endosymbionts. 
Locus E. hageni - Asexual E. hageni - Sexual P. subfasciatus 
Wolbachia 16S 31% 25% 0% 
Wolbachia surface protein 12% 0% 0% 
Rickettsia 16S 37% 50% 0% 
Cardinium 16S 0% 0% 0% 
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Table 2.5.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear 
alleles and genotypes at each nesting level for EF-d marker.  P-values based on Monte Carle re-shuffling 
implemented in CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype 0.698 0.471 
1-Step 0.514 0.335 
2-Step 0.914 0.895 
3-Step 1.0 1.0 
 
 
 
Table 2.6.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear 
alleles and genotypes at each nesting level for V-ATP marker.  P-values based on Monte Carle re-shuffling 
implemented in CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype 0.201 0.146 
1-Step 0.603 0.416 
2-Step 0.654 0.648 
3-Step 0.341 0.364 
 
 
 
Table 2.7.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear 
alleles and genotypes at each nesting level for PDH marker.  P-values based on Monte Carle re-shuffling 
implemented in CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype 0.0000018 0.000002 
1-Step 0.000125 0.000005 
2-Step 0.231 0.0308 
3-Step 0.412 0.0147 
 
 
 
Table 2.8.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear 
alleles and genotypes at each nesting level for HIBADH marker.  P-values based on Monte Carle re-shuffling 
implemented in CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype 0.000001 0.000001 
1-Step 0.00002 0.000001 
2-Step 0.905 0.0339 
3-Step 0.602 0.00267 
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Table 2.9.  Nuclear alleles present in the southern Illinois and eastern Kentucky sexual populations of E. 
hageni. 
Locus Southern Illinois Eastern Kentucky 
EF-d a1 a1, a2, a3 
V-ATP a1, a2 a1, a7 
PDH a1, a2 a1, a9 
HIBADH a1, a2 a1, a3 
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CHAPTER 3:  ROLE OF VOLTINISM IN THE DIFFERENCES BETWEEN 
SEXUAL AND ASEXUAL GENETIC DIVERSITY IN ECHMEPTERYX HAGENI 
 
Introduction 
The genetic diversity of natural populations is known to be an important factor in 
the conservation of endangered and threatened species (Frankham 1995; Reed & Frankham 
2003) and in the success of the biological invasions (e.g. Crawford & Whitney 2010).  It is 
therefore important to understand the evolutionary and ecological processes shaping 
patterns of genetic diversity within species, and how these processes can interact with each 
other within a given species.  Ecological and life history traits are one set of factors that can 
have a strong effect on measures of genetic diversity in species (Smith & Donoghue 2008; 
Bromham 2011).  A review by Nevo et al (1984) showed that life history variables 
explained a significant amount (7.5%) of the protein genetic variation in invertebrates, and 
ecological and demographic variables an additional 25%.  Additionally, an analysis of 
several sister clade comparisons in orchids revealed that neutral within-species genetic 
differentiation can largely be explained by ecological variables, but has no heritability 
within clades (Kisel et al 2012).  This suggests that although it is a trait directly associated 
with the DNA, the genetic diversity of a population or species is primarily dependent on 
factors other than evolutionary history or genetic relatedness. 
The factors affecting genetic diversity can be divided into a number of different 
categories, such as demography, reproductive biology, and biotic interactions.  
Demographic factors such as population expansion or contraction or gene flow patterns can 
shape genetic diversity within and across species (Avise et al 1984).  For example, neutral 
genetic diversity is predicted to decline with increasing population instability (Pannell & 
Charlesworth 1999; Barrett et al 2008).  This has been supported in two species of 
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Cyprinella shiners in central Texas with large, stable populations and high genetic diversity 
(Husemann et al 2012).  Grant & Bowen (1998) utilized this connection between 
demography and genetic diversity to propose a rubric for inferring historical demographic 
events in both stable and variable populations from a two by two matrix of high vs. low 
haplotypic diversity and high vs. low nucleotide diversity. 
The reproductive biology and dispersal ability of organisms can also have a 
particularly strong effect on genetic diversity and genetic structure.  Chung et al (2013) 
have attributed differences in both within- and among- population diversity between two 
sympatric acrtic-apline plant species in East Asia to reproductive life history differences.  
Specifically, the hermaphroditic Diapensia lapponica with limited seed dispersal capability 
has lower within-population genetic diversity and greater among-population divergence in 
Jeju Island populations.  This is in contrast to the pattern observed in Empetrum nigrum, 
with its higher rate of outcrossing and better seed dispersal.  In addition, a greater number 
of routes of transmission in the fungal species Ophiostoma montium have been linked to 
greater genetic diversity compared to two other blue-stain fungus species (Roe et al 2011). 
Finally, trends of genetic diversity within species may be the result of biotic inter- 
and intraspecific interactions.  Although inbreeding is normally associated with lower 
genetic diversity in the form of reduced heterozygosity, it has also been associated with 
higher allelic richness in the palm Chamaedorea ernesti-augusti (Cibarian-Jaramillo et al 
2009).  However, the aspect of the palm’s life history that is most responsible for this 
pattern is its mutualistic association with its pollinator, Brooksithrips chamaedoreae thrips, 
whose biology is likely driving the high levels of inbreeding and allelic richness in the palm 
(Cibarian-Jaramillo et al 2009).  In addition, high genetic diversity has been hypothesized 
to be correlated with reduced intraspecific competition and increased relative fitness 
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compared to less diverse populations, although evidence for this association has been 
mixed (Dimas-Flores et al 2013; see references therein). 
We have previously demonstrated that the mitochondrial genetic diversity of the 
scaly winged bark louse Echmepteryx hageni (Insecta:  Psocoptera) is remarkably elevated, 
compared both to the sexual form and to other parthenogenetic animal species from 
multiple phyla (Shreve et al 2011).  This pattern is maintained across several nuclear loci 
(see Chapter 1).  E. hageni is one of several psocopteran species with a unique distribution 
pattern of sexual and asexual reproductive forms, which we refer to as “restricted sexuality” 
(Mockford 1971; see Chapter 1).  This pattern is in many respects the inverse of the better-
known geographic parthenogenesis pattern, and is characterized by widespread asexual 
populations with sexual populations that are isolated and/or peripheral relative to the 
asexual distribution.  It is still unknown if the disparity in genetic diversity with respect to 
reproductive mode is particular to E. hageni or characteristic of the restricted sexuality 
distribution. 
We outlined three hypotheses that might explain the disparity between asexual and 
sexual genetic diversity in E. hageni:  (1) recent sexuality, (2) life history differences, and 
(3) recent conversion to asexuality (Figure 1.1; see Chapter 1 for a full discussion 
summarizing the hypotheses).  All of these hypotheses reference the evolutionary history 
and biology of E. hageni, and do not assume any broader evolutionary effects or correlates 
of restricted sexuality.  The second hypothesis, hereafter referred to as the life history 
differences hypothesis, is based on a particular aspect of the natural history that differs 
between sexual and asexual E. hageni.  Asexual E. hageni are multivoltine, going through 
three to five generations per year, depending on latitude (Mockford, pers. comm.).  The 
sexual form, on the other hand, is univoltine.  It is possible that differences in voltinism 
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between the two forms is responsible for the observed disparity in genetic diversity by 
means of different mutation rates between the two reproductive forms.   
The effect of asexual reproduction on mutation rate has been the subject of a 
considerable amount of theoretical work (e.g. Muller 1964; Felsenstein 1974; Johnson 
1999; Palmer & Lipsitch 2006), although most studies use asexual populations as a 
simplified model for the evolution of mutation rates in general (e.g. Johnson 1999).  
Asexual populations are expected to accumulate deleterious mutations due to the lack of 
recombination (Muller 1964), a process known as Muller’s ratchet.  However, because 
Muller’s ratchet inexorably increases the genetic load of all individuals, the predicted effect 
on genetic diversity is actually a reduction compared to neutral expectation (Gordo et al 
2002). 
Pamilo et al (1987) used simulations to study the accumulation of beneficial and 
deleterious mutation in populations with various forms of sexual and asexual reproduction.  
They determined that asexual populations do have a greater rate of accumulation of 
deleterious mutation, but sexual populations have a greater rate of accumulation of 
beneficial mutations.  Due to othe nature of the simulations, it is impossible to determine 
the overall rate of accumulation in a gene with both beneficial and deleterious mutations 
occurring, although it is likely gene-specific.  However, the rate of accumulation of 
beneficial mutations in sexual populations is much greater, both in absolute terms and 
relative to their accumulation in asexual populations, than the rate of accumulation of 
deleterious mutation in asexual populations, again both in absolute and relative terms 
(Pamilo et al 1987).  Finally, theoretical work indicates that mutation rate is not stable in 
asexual populations (Andre & Godelle 2006).  Large asexual populations in changing 
environments can see the emergence of strong mutator alleles driving up the mutation rate.  
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Asexual populations in relatively constant environments and small populations, on the other 
hand, experience selection pressure to lower mutation rates to a minimum value.  It is 
therefore difficult to make any a priori expectations on the relative mutation rate of sexual 
and asexual E. hageni.  However, even assuming similar per-generation mutation rates 
between sexuals and asexuals, the parthenogenetic populations of E. hageni go through 
three to five times as many generations per year, and thus would have a per-year mutation 
rate that is three to four times greater than the sexual form.  This may allow asexual 
lineages to accumulate mutations and diversify at a greater rate (Figure 1.1B). 
There are several additional psocopteran species that exhibit a similar pattern of 
widespread asexuality with isolated sexual populations.  One such species is Peripsocus 
subfasciatus.  Like E. hageni, this species is asexual throughout eastern North America 
from the Gulf coast to southern Canada, and west to Minnesota and eastern Texas.  Like E. 
hageni, there are small, isolated sexual populations of P. subfasciatus in eastern North 
American, in this case restricted to hemlock stands in western Indiana.  Unlike E. hageni, 
however, there are additional sexual populations found along the Pacific coast of North 
America, from central California to southern Canada.  There are no known western asexual 
populations, however.  In addition, the asexual form of P. subfasciatus is found throughout 
Europe. 
There is another important difference between the two species that is relevant to the 
life history differences hypothesis.  In contrast to the difference in number of generations 
per year between sexual and asexual E. hageni, both the sexual and the asexual forms of P. 
subfasciatus are multivoltine.  This distinction between the two species permits the testing 
of the life history differences hypothesis that the disparity in mitochondrial genetic 
diversity seen in E. hageni is the result of the greater per-year mutation rate of the asexual 
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lineages.  If the hypothesis is correct and life history differences are driving patterns in 
genetic diversity between sexual and asexual E. hageni, there are two predictions that can 
be made.  Primarily, if the reduction in genetic diversity of sexual E. hageni is due to their 
univoltine natural history, then the genetic diversity of multivoltine sexual form of P. 
subfasciatus should be significantly greater than the diversity of the univoltine, sexual E. 
hageni.  Secondarily, the sexual and asexual forms P. subfasciatus, lacking the life history 
difference in voltinism seen in E. hageni, should have similar levels of genetic diversity 
between the reproductive forms.  In this study, we compare the mitochondrial genetic 
diversity of the reproductive forms of E. hageni to the diversity estimates for P. 
subfasciatus, and evaluate support for the life history differences hypothesis based on the 
two predictions.  This work also constitutes the first step in the determining if there are 
common genetic diversity patterns associated with restricted sexuality, or if species-specific 
factors are primarily responsible for the evolution of genetic diversity in species with this 
distribution. 
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Methods 
Sample Collection 
Specimens of Peripsocus subfasciatus were collected from 2001 to 2008 in Georgia, 
Tennessee, North Carolina, Minnesota, Illinois, Indiana, Pennsylvania, New York, 
Vermont, New Hampshire, California, and Washington (Table 4.1; Fig. 3.1). Individuals 
were collected by knocking them from lower tree branches onto a 2-foot by 2-foot canvas 
beating cloth.  Individuals were collected from rock faces by direct aspiration.  All samples 
from the same collection site were stored together in 95% ethanol at -80°C or -20°C.  DNA 
extraction was performed using the Qiagen DNeasy extraction kit, following the 
manufacturer’s protocols.  Whole specimens were incubated overnight in the extraction 
buffer at 55°C, and the cleared specimens were retained as vouchers.  DNA was eluted in 
50 μL of elution buffer.  Collection of Echmepteryx hageni specimens is described in 
Shreve et al (2011). 
 
mtDNA Amplification and Sequencing 
 We amplified portions of the mitochondrial cytochrome oxidase subunit I (COI) and 
12S rRNA genes in P. subfasciatus using polymerase chain reaction (PCR).  The sequences 
for all P. subfasciatus mitochondrial primers used in this study are given in Table 4.2.  The 
primers C1-J-1718 and H7005 (Hafner et al 1994; Bonacum et al 2001) were used for the 
COI PCR reactions, and amplified 722 bp.  COI amplifications were performed in 25 µL 
reactions with 1.5 µL of extracted DNA, 1.5 mM MgCl2, 0.2 mM dNTPs, 0.4 µM of each 
primer, 0.02 mg/mL bovine serum albumin (BSA), and 2.5 units of Taq.  The reaction 
conditions for the COI PCR were 94°C for 5 min; 35 cycles of 94°C for 30 s, 50°C for 30 s, 
72°C for 1 min; and 72°C for 7 min.  In addition, the primers 12Sai and 12Sbi (Simon et al. 
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1994) were used to amplify 340 bp of 12S.  12S amplifications were performed in 25 µL 
reactions similar to the COI PCR, except for BSA (0.05 mg/mL) and Taq (1.5 units).  The 
reaction conditions for the 12S PCR were 94°C for 5 min; 35 cycles of 94°C for 30 s, 50°C 
for 30 s, 65°C for 30 s; and 65°C for 7 min.  Sequencing reactions used ABI Prism BigDye 
Terminators (Perkin Elmer) and the same primers from the PCR reactions.  Complementary 
chromatograms were assembled and sequences were aligned using Sequencher 4.9 
(GeneCodes).  Sequencing of E. hageni mtDNA is described in Shreve et al (2011). 
 
Population Genetic Statistics 
Mitochondrial haplotype identification and frequency calculations were performed 
using the program TCS (Clement et al 2000), which also constructed the statistical 
parsimony network showing the relationships among the haplotypes.  The genetic diversity 
within both the entire species and within the sexual and asexual populations of P. 
subfasciatus was measured at both the haplotype and nucleotide level.  Haplotypic diversity 
(H) is defined as the probability that two randomly selected haplotypes are different, and is 
comparable to gene diversity or expected heterozygosity in nuclear DNA (Nei 1987).  
Nucleotide diversity (πN) is a similar measure at the base pair level, summed over all bases 
(Nei 1987).  All statistics were calculated using Arlequin ver. 3.5 (Excoffier et al 2005).  
The calculation of haplotypic diversity includes a sample size correction, and Arlequin also 
calculates the standard deviation due to sampling for each diversity measure. 
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Comparison of Genetic Diversity Levels 
 In order to make a statistically rigorous comparison of mitochondrial genetic 
diversity, we generated 100 pseudo-replicates of the E. hageni and P. subfasciatus datasets.  
For each pseudo-replicate, we randomly selected 25 samples from the given species dataset 
to control the effect of differing sample size in the original datasets.  This was done by 
making a mock Phylip file for each species, where each character represented an individual 
in the original dataset.  We then used the SEQBOOT program in the PHYLIP package 
(Felsenstein 2005) to jackknife the mock dataset and generate 100 new datasets, each with 
25 characters (i.e. specimens in the original data) chosen randomly with replacement.  We 
retrieved the original sequences for the 25 specimens in each pseudo-replicate and 
calculated haplotypic and nucleotide diversity for them using Arlequin.  The pseudo-
replicate sample size of 25 is approximately 50% of original dataset size of both species.  
Using the pseudo-replicated datasets, we compared mitochondrial genetic diversity values 
of sexual E. hageni to sexual P. subfasciatus (primary prediction), and sexual to asexual 
genetic diversity within P. subfasciatus (secondary prediction).   
 The frequency distributions of the genetic diversity values in the two species are 
likely to be quite different, particularly in regard to the sexual forms.  The problem of how 
to test for differences in central tendency between highly skewed or heteroskedastic 
populations, known as the Behrens-Fisher problem, is an area of active statistical research 
(e.g. Fagerland & Sandvik 2009; Neugauser & Ruxton 2009).  Many of the existing 
variants of the Student’s t test have elevated type I error rates with small sample sizes or 
highly skewed distributions.  In addition, the most commonly used non-parametric 
alternative, the Wilcoxon rank sum test, assumes equal variance between groups 
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(Neuhauser & Ruxton 2009).  A recent alternative to these tests is the Brunner-Munzel test 
(Brunner & Munzel 2000) that tests the null hypothesis  
H0:  p = Pr(X < Y) + 0.5Pr(X = Y) = 0.5, 
where X and Y are observations from groups 1 and 2, respectively.  In other words, this 
statistical test addresses the question: is a random observation from group 1 equally likely 
to be larger or smaller than a random observation from group 2?  The alternative hypothesis 
is that observations from one group tend to be greater than observations from the second 
group.  The null hypothesis of the Brunner-Munzel test is distinct from traditional statistical 
tests comparing means or other measures of central tendency between or among groups.  
The interpretation of the test results are further complicated by the pseudo-replicated nature 
of the data in this study.  In the context of this work, the groups in question are the two bark 
louse species, E. hageni and P. subfasciatus.  However, each pseudo-replicated dataset, 
rather than an individual bark louse, functions as a separate observation of the genetic 
diversity of one of the groups (species being an observation).  Thus, in the case of the E. 
hageni-P. subfasciatus comparison, a significant result would indicate that diversity values 
in a random dataset of one species tend to be greater (or smaller) than diversity values 
based on a randomly collected dataset of the other species.  The performance of various 
tests with respect to the Behrens-Fisher problem is non-uniform, and depends on sample 
sizes, relative degrees of skewness, and relative variance, but the Brunnel-Munzel test 
appears to perform well under the conditions of this study (Fagerland & Sandvik 2009). 
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Results 
Peripsocus subfasciatus Haplotypes 
 Sequencing of the 12S and COI genes revealed 19 mitochondrial haplotypes across 
the 58 sampled Peripsocus subfasciatus.  A putative out-group, P. madescens, was 
embedded within P. subfasciatus and added two additional haplotypes, which were not 
included in the genetic diversity comparisons.  Unlike E. hageni, there were several 
haplotypes shared between the sexual and asexual forms of P. subfasciatus, specifically 
between the eastern North American sexuals and asexuals.  The Pacific coast sexual 
populations, however, all possessed private haplotypes (Figure 3.2; cf. Figure 2.2).  The 
haplotype network has a long branch that seems to delineate two major mitochondrial 
clades in P. subfasciatus.  The clade structure is more clearly seen in a maximum 
parsimony phylogenetic analysis (Figure 4.1), which used a more distant outgroup to root 
the network along this long branch, confirming the existence of two major clades.  See 
Chapter 4 for further discussion of the geographic structure within P. subfasciatus and the 
relationship between P. subfasciatus and P. madescens. 
 
Genetic Diversity of P. subfasciatus 
 Mitochondrial genetic diversity estimates for North American P. subfasciatus, as 
well as other asexual animals, are given in Table 3.1.  Sexual genetic diversity, measured at 
both the haplotypic and nucleotide levels, was slightly greater than asexual genetic 
diversity (H = 0.83, πN = 0.0083 vs. H = 0.79, πN = 0.0078).  The sexual haplotypic 
diversity was evenly distributed between the western and eastern North American sexual 
populations (Table 3.2), but the eastern population held nearly all the sexual nucleotide 
diversity.  This can be seen visually on the haplotype network (Figure 3.2), where the 
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eastern North American sexual haplotypes are distributed across the network while the 
western North American haplotypes are closely related to each other.  Although the asexual 
haplotypic diversity of E. hageni was greater than P. subfasciatus (H = 0.98 vs. 0.79), the 
haplotypic diversity of asexual P. subfasciatus is still larger than most of the other asexual 
animals in Table 3.1.  Asexual nucleotide diversity, on the other hand, was slightly greater 
in P. subfasciatus than in E. hageni (πN = 0.0078 vs. πN = 0.0071).   
 
Genetic Diversity Comparisons with E. hageni 
The median genetic diversity values of the pseudo-replicates are similar to the 
calculated values from the original datasets (Table 3.3, cf. Table 3.1).  There appears to be 
a consistent bias for the median values to be slightly lower than the true values, but trends 
between species and reproductive modes were always maintained.  The bias may be the 
result of the reduced sample size of the pseudo-replicates.  The distributions of the pseudo-
replicated dataset for haplotypic (Figure 3.3) and nucleotide diversity (Figure 3.4) each 
differ widely in variance and skew among species and among reproductive mode.  This is 
in part due to the hard lower bounds of both haplotypic and nucleotide diversity and the 
hard upper bound of haplotypic diversity, but the fact that the genetic diversity estimates 
frequently encountered these upper and lower bounds highlights that extreme reduction or 
elevation in genetic diversity observed in these bark lice, particularly E. hageni. 
All comparisons using the Brunner-Munzel test were highly significant (Tables 3.4-
5).  For the comparisons related in the life history differences hypothesis, the haplotypic 
and nucleotide diversity of sexual P. subfasciatus have much greater probabilities of being 
larger than the corresponding indices in sexual E. hageni (Table 3.4), in accordance with 
the primary prediction.  The mitochondrial genetic diversity of sexual P. subfasciatus also 
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tends to be slightly greater than that seen in the asexual form of the species (Table 3.5).  
The life history differences hypothesis for how voltinism shapes genetic diversity in these 
species also predicted that sexual and asexual P. subfasciatus should have equal diversity 
values.  Though highly significant, the magnitude of the difference between sexual and 
asexual P. subfasciatus genetic diversity is small and in the opposite direction compared to 
E. hageni. 
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Discussion 
 The bark louse Peripsocus subfasciatus exhibits the pattern of restricted sexuality 
and widespread asexuality also present in several other psocopteran species, including E. 
hageni, with co-existing modes of reproduction.  As is the case in Echmepteryx hageni 
(Shreve et al 2011; Chapter 1), the asexual form of P. subfasciatus possesses high 
mitochondrial haplotypic diversity relative to other asexual animals, though not to the 
extent seen in E. hageni (Table 3.1).  The haplotypic diversity of asexual P. subfasciatus 
was less than that of asexual E. hageni, but was still one of the larger asexual mitochondrial 
haplotypic diversities reported for asexual animals.  Unlike E. hageni, the sexual 
populations of P. subfasciatus possessed even greater mitochondrial haplotypic diversity 
than the asexual form.  However, this is only true when the eastern and western sexual 
populations are considered together.  When separated, sexuals in the two regions each had 
lower haplotypic diversities (H = 0.64 in both regions; Table 3.2), but still greater than the 
sexual E. hageni haplotypic diversity. 
Among the parthenogenetic species with greater haplotypic diversity than asexual 
P. subfasciatus is the rotifer Philodina flaviceps (H = 0.915).  However, this species may 
actually be a composite value of several cryptic species (Fontaneto et al 2008), which could 
inflate genetic diversity estimates.  Philodina flaviceps is also a bdelloid rotifer, one of the 
few groups of animals that have relied on asexual reproduction for evolutionarily 
significant periods of time and have diversified as parthenogens (Judson & Normark 1996; 
Mark Welch & Meselson 2000).  The asexual haplotypic diversity of P. subfasciatus was 
also exceeded by both the widespread asexual clade and the Channel Islands clade of the 
weevil Geodercodes latipennis (Figure 3.1).  These clades are independent origins of 
parthenogenesis arising from a genetically diverse background.  The sexual populations of 
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G. latipennis have even greater haplotypic and nucleotide diversity, both at the 
mitochondrial and nuclear levels, than the asexual lineages (Polihronakis et al 2010).  The 
parthenogenetic tardigrade Echiniscus testudo also had greater haplotypic diversity, but was 
sampled across a much wider geographic range, including three continents and several 
isolated island populations (Jorgensen et al 2007).  Another asexual species with haplotypic 
diversity greater than P. subfasciatus is the weevil Naupactus cervinus (Table 3.1; 
Rodriguero et al 2010).  Asexual reproduction appears to be quite ancient in this species, 
estimated at 0.4-1.9 My, allowing enough time for mutations to accumulate and 
mitochondrial haplotypes to diversify after infection by Wolbachia (Rodriguero et al 2010).  
Finally, studies of several other species (gibel carp Carassius auratus, Li & Gui 2007; the 
weevil Polydrusus inustus, Kajtoch et al 2009; brine shrimp Artemia parthenogenetica, 
Maniatsi et al 2011) have documented a broad range of genetic diversity across multiple 
asexual populations, from no genetic diversity to diversity estimates approaching or greater 
than P. subfasciatus and nearly as large as E. hageni. 
Although asexual E. hageni had greater haplotypic diversity than asexual P. 
subfasciatus, this comparison is reversed for nucleotide diversity (Table 3.1).  This suggests 
that the greater number of haplotypes in E. hageni is based on fewer base pair differences, 
and that there are proportionally more unsampled haplotypes in the P. subfasciatus network 
compared to the E. hageni network (Figure 3.2, cf. Figure 2.1).  In contrast to haplotypic 
diversity, which is evenly distributed, nearly all the nucleotide diversity present in sexual P. 
subfasciatus is contained within the eastern North America sexual population (Table 3.2), 
and the sexual haplotypes in eastern North America are separated from each other by 
several mutational steps.  All western sexual haplotypes, on the other hand, are within one 
mutational step of each other, even though samples were obtained from two widely 
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separated sites (Figure 3.2).  Haplotypic diversity is positively correlated with the number 
of base pairs in sequence data, so comparisons of values across different studies are 
difficult.  The P. subfasciatus sequences are slightly longer than the E. hageni sequences 
(1112 vs. 936 bp, respectively), but the difference is small, and E. hageni possessed the 
greater haplotypic diversity even with the shorter sequence. 
Although it has been less frequently reported in the past, nucleotide diversity does 
not exhibit such a correlation and is a more useful measure for comparing genetic diversity 
estimates from different sources.  Just considering asexual individuals, these bark lice 
exhibited one of the greatest nucleotide diversity values of any asexual species, with the 
exceptions of the parthenogenetic snail Potamopyrgus antipodarum and the Channel 
Islands populations of the weevil Geodercodes latipennis (Table 3.2).  In the case of P. 
antipodarum, sexuals and asexuals were pooled (Neiman & Lively, 2004), so it is unclear 
how much the asexual form is contributing to the overall genetic diversity.  The asexual 
populations of G. latipennis with elevated nucleotide diversity are isolated on islands 16 to 
32 km off-shore.  The genetic diversity within this clade appears to be due to a single, 
divergent individual (Fig. 2, Polihronakis et al, 2010).  It is therefore unclear if the high 
genetic diversity is the result of divergence among populations on different islands.   
Unlike haplotypic diversity, the nature of nucleotide diversity makes it difficult to 
objectively determine if a given value is high or low.  In order to evaluate the magnitude of 
nucleotide diversity in P. subfasciatus, the nucleotide diversity values of P. subfasciatus 
were compared to 248 reported mtDNA nucleotide diversity estimates in 45 species of 
insects from 28 publications, including those reported in Table 3.1 (data available upon 
request).  Reported values ranged from 0.000 to 0.062, although only five of the 248 
previously reported nucleotide diversity values were greater than 0.02.  Asexual P. 
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subfasciatus nucleotide diversity was in the 83
rd
 percentile of reported values, slightly 
greater than asexual E. hageni nucleotide diversity (82
nd
 percentile).  As with haplotypic 
diversity, the sexual P. subfasciatus had greater nucleotide diversity, falling out in the 85
th
 
percentile (cf. 17
th
 percentile for sexual E. hageni; Shreve et al 2011).  Sexual and asexual 
P. subfasciatus combined were in the 84
th
 percentile.  Regardless of reproductive mode, P. 
subfasciatus has among the greatest mitochondrial nucleotide diversities compared to other 
insect species, most of which is encompassed by the split of mitochondrial haplotypes into 
two main clades (Figure 3.2, 4.1; see Chapter 4 for a discussion of the meaning and 
significance of the mitochondrial clades).   
As noted above, the asexual forms of both species have relatively high 
mitochondrial genetic diversity.  This is an important condition for the diversity 
comparisons between the species.  The fact that both bark lice species share a distribution 
pattern where sexual populations are highly isolated and in both cases the asexual form 
harbors relatively large amounts mitochondrial genetic diversity suggests that similar basic 
processes are driving genetic diversity in the asexual form, forming the basis for 
comparison.  If P. subfasciatus had low asexual diversity, then it would not make sense to 
compare and draw any conclusions about the evolution of genetic diversity in E. hageni. 
 The relative median values of the genetic diversity indices from the pseudo-
replicated datasets were generally in line with the estimates from the full species datasets, 
although some individual median values deviated from the values based on the full datasets 
(Table 3.3, cf. Table 3.1).  The skew and variance of the distributions of diversity values 
resulting from the jackknife procedure varied strongly between species and reproductive 
modes (Figure 3.3 & 3.4).  The skewness of some of the distributions is in part the product 
of the genetic diversity indices having a lower bound of zero and haplotypic diversity also 
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having a maximum possible value of one.  This is particularly an issue with the extremely 
high asexual haplotypic diversity and low sexual haplotypic and nucleotide diversity of E. 
hageni.  In addition, the E. hageni distributions often had much smaller variances than the 
corresponding P. subfaciatus distribution (e.g. Figure 3.3A vs. B).  Finally, as noted above, 
haplotypic diversity is proportional to sequence length while nucleotide diversity controls 
for this factor.  However, only the asexual E. hageni versus asexual P. subfasciatus 
comparison had disagreements between haplotypic and nucleotide diversity, and this 
comparison was not important to the life history differences hypothesis. 
 The primary prediction arising from the life history differences hypothesis for E. 
hageni genetic diversity patterns is that sexual P. subfasciatus would have greater 
mitochondrial genetic diversity than sexual E. hageni due to the multivoltinism and 
consequently greater per-year mutation rate of P. subfasciatus.  Due to the null hypothesis 
employed by the Brunner-Munzel test and the pseudo-replicated nature of the dataset, it is 
difficult to draw definitive conclusions about the true genetic diversity values of the two 
species.  What can be said is that the sexual haplotypic and nucleotide diversity from a 
dataset of randomly collected P. subfasciatus has a significantly higher probability of being 
greater than the corresponding sexual genetic diversity estimates from a randomly collected 
E. hageni dataset (Table 3.4).  This in turn strongly implies that both the true haplotypic 
and nucleotide diversity of the sexual form of P. subfasciatus is significantly greater than 
seen in the sexual form of E. hageni, but the nature of the statistical test does not allow a 
more conclusive statement. 
The secondary prediction is that sexual and asexual P. subfasciatus, lacking any 
differences in voltinism, should have similar levels of genetic diversity.  The statistical 
comparison shows that in a random dataset, the sexual form of P. subfasciatus is in fact 
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significantly more likely to have higher mitochondrial genetic diversity than the asexual 
form.  Specifically, sexual haplotypic and nucleotide diversity have a 79% and 71% 
probability, respectively, of being greater than the asexual diversity estimates (Table 3.5).  
Note, though, that the Brunner-Munzel test only says that that probability is not 50%, and 
says nothing about the magnitude of the diversity differences between the two forms, or 
whether the magnitude or probability is biologically significant.  However, these results are 
consistent with the hypothesis that genetic diversity patterns in sexual and asexual E. 
hageni could at least in part be driven by life history difference between the two 
reproductive forms. 
An important difference between E. hageni and P. subfasciatus that needs to be 
considered is that sexual populations of P. subfasciatus are also found along the Pacific 
coast of North America (asexual specimens from Europe were not included in the diversity 
comparisons).  These populations were included in the genetic diversity comparisons, 
although there is no such comparable population in E. hageni.  The western North America 
sexual populations appear to be genetically distinct, but not greatly differentiated, from 
other P. subfasciatus populations (Figure 3.2; see Chapter 4 for a full discussion of genetic 
and geographic structure within P. subfasciatus).  However, the eastern sexual populations 
alone have a much greater haplotypic diversity than the sexual form of E. hageni (H = 0.64 
vs. 0.25; Tables 3.1 & 3.2).  In addition, nearly all the nucleotide diversity present in the 
sexual form of P. subfasciatus was contributed by the eastern population (Table 3.2).  Thus, 
conclusions regarding the genetic diversity of sexual P. subfasciatus would not have been 
significantly changed by restricting the comparison to eastern North America.  Even 
considering only the eastern sexual populations, sexual P. subfasciatus would still have 
significantly greater genetic diversity than sexual E. hageni, in accordance with the primary 
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prediction based on the life history differences hypothesis.  It is true that the eastern North 
America asexual P. subfasciatus would likely have significantly greater haplotypic 
diversity than the eastern North America sexual form, in contradiction to the secondary 
prediction of similar genetic diversity between sexual and asexual P. subfasciatus.  
However, the magnitude of the difference between the two reproductive forms in eastern 
North America is still less than the difference present in E. hageni.  Moreover, the 
nucleotide diversities of the eastern North America asexual and eastern North America 
sexual populations are very similar, and probably not biologically or statistically significant 
(Table 3.2). 
 Long term population stability has been linked with greater levels of genetic 
diversity (Barrett et al 2008).  Correlates of the population stability include larger 
population size, larger range, and greater host or diet breadth (Frankham 1996; Barrett et al 
2008).  In terms of effective population size and geographic range, these trends are 
consistent with asexual E. hageni having greater genetic diversity estimates than the sexual 
form of the species.  However, there have been no direct measurements of the effective 
population size of these bark louse species.  Relative estimates of the theta (θ, data not 
shown) between the reproductive forms of E. hageni, though, do suggest a larger effective 
population size of the parthenogenetic form, assuming equal per-generation mutation rates.  
In addition, the parthenogenetic E. hageni, since they are found on a wide variety of 
deciduous and coniferous trees, likely have a broader host range than the sexual population 
restricted to rock faces, but there have been no studies on the actual lichen-based diets of 
either form.  There is also a predicted positive relationship between population subdivision 
and genetic diversity (Barrett et al 2008).  Thus, the subdivision of sexual P. subfasciatus 
into eastern and western North American populations may have contributed to the higher 
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overall sexual genetic diversity within the species.  However, as discussed above, the 
inclusion of both eastern and western sexual P. subfasciatus does not significantly affect 
the conclusions based on the genetic diversity comparisons. 
 The predictions based on the life history differences hypothesis are specifically 
related to differences in voltinism between the sexual and asexual forms of E. hageni.  The 
connection between voltinism and genetic diversity has not been as well-studied as other 
ecological correlates of genetic diversity, and the nature of the connection is unclear.  
Based on number of generations per year and opportunities for mutation accumulation 
during germ line cell division, such a connection might be predicted.  Martins et al (2009) 
showed that a bivoltine population of the ostracod Eucypris virens has many more 
allozyme-based multi-locus genotypes than a univoltine population.  However, the 
connection between voltinism and genetic diversity was not made by the authors, there are 
numerous other abiotic differences between the pond inhabited by the two populations, and 
a trend cannot be discerned based on a comparison of two populations.  It is consistent, 
though, with an analysis of 102 crustacean species revealing that species with generation 
times of less than one year (presumably bi- or multivoltine species) have significantly 
greater proportion of heterozygous allozyme loci (Nevo et al 1984). 
In addition, the trend of multivoltine populations or strains having greater genetic 
diversity is supported in the plum curculio Conotrachelus nenuphar (Zhang et al 2008).  
However, while bivoltine populations of the butterfly Polyommatus coridon have higher 
gene diversity than the univoltine populations, the univoltine form had a greater percentage 
of polymorphic loci (Schmitt et al 2005).  The trend of multivoltinism being associated 
with greater genetic diversity is also supported between species in the P. coridon complex, 
with the bivoltine sister species P. hispana not only having greater gene diversity than 
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univoltine populations of P. coridon, but also a greater percentage of polymorphic loci 
(Schmitt et al 2005).  Again, neither the plum curculio nor Polyommatus coridon complex 
study made the connection between voltinism and genetic diversity within in their 
discussions.  Voltinism seems to be associated with greater genetic diversity, but it is 
clearly one of many variables, life history-related and otherwise, that can affect genetic 
diversity within and between species. 
There have been several studies of the effect of generation time on the substitution 
in mammals and birds (Ohta 1993, 1995; Mooers & Harvey 1994; Weinreich 2001; 
Nabholz et al 2008), but this effect has been infrequently examine in invertebrates (Thomas 
et al 2010).  However, these studies with mammals and birds have tested the effect of 
interspecific, and sometimes interordinal, differences in generation time on synonymous 
and non-synonymous substitutions.  The effect of intraspecific differences in voltinism or 
generation time on polymorphisms and genetic diversity has received little attention.  This 
study is one of the few to experimentally examine the effect of intraspecific variation in the 
number of generations per year on genetic diversity.  Our results indicated that the effect of 
generation time on rates of molecular evolution extend within species, though the full effect 
may not be apparent at this level.  The nearly neutral theory predicts that short generation 
time should more strongly increase the synonymous substitution rate, due to more 
opportunities in a given time period for mutation to arise and accumulate (Ohta 1973; 
Thomas et al 2010).   Conversely, the larger effective population size usually associated 
with short generation time increases the efficacy of natural selection, and so the non-
synonymous substitution rate is less strongly affected (Ohta 1973, 1995).  It is possible that 
this differential effect of generation time may be less apparent in intraspecific 
polymorphisms, where slightly deleterious alleles may still be segregating.  Isolating 
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generation time from other life history variables is difficult (Nabholz et al 2008, 2009), and 
even in the case of E. hageni, voltinism is confounded with differences in reproductive 
mode, with rock- versus tree-dwelling, and with differences in effective population size. 
The conclusion that life history differences may be partially driving patterns of 
genetic diversity in sexual and asexual E. hageni is contingent on the degree that similar 
evolutionary processes are acting on both E. hageni and P. subfasciatus, leaving life history 
differences as the primary distinction between the species.  The current distribution patterns 
in eastern North America of the two species are quite similar, but P. subfasciatus has 
populations in western North America and Europe that are not present in E. hageni.  In 
addition, the mitochondrial genetic structure of the two species is quite different.  E. hageni 
haplotypes are completely partitioned between sexual and asexual forms (Figure 1.2), while 
in P. subfasciatus there are several shared haplotypes, and the sexual haplotypes are not 
necessarily closely related to each other (Figure 3.2).  P. subfasciatus mtDNA is also 
broadly organized into two well-defined clades, while there appears to have been a general 
proliferation of E. hageni asexual haplotypes with little over-arching genetic structure. 
The phylogeographic history of P. subfasciatus is clearly distinct from E. hageni.  
However, it is unknown if the pattern of restricted sexuality arises from a common 
evolutionary mechanism operating in both species, or if idiosyncratic processes in the two 
species are resulting in the same distribution pattern.  Comparisons with other species of 
bark lice that also possess the restricted sexuality distributional pattern, such as Valenzuela 
flavidus and Pytcta polluta (Mockford 1971) may help answer these questions.  Moreover, 
these comparisons are specifically necessary before any firm conclusions concerning the 
role of life in shaping genetic diversity in E. hageni and other bark lice can be made.  In 
order to accomplish this, basic natural history information on these, and other bark louse 
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species potentially sharing the restricted sexuality pattern, must be collected to identify 
differences in generation time and other life history traits.   
 The similar mitochondrial genetic diversity estimates of sexual and asexual P. 
subfasciatus (a pattern maintained at nuclear loci, see Chapter 4) suggests that the disparity 
in genetic diversity in relation to reproductive mode in E. hageni is unique to that species 
rather than symptomatic of the broader restricted sexuality paradigm.  However, the 
elevated diversity of the asexual form of both species compared to other asexual animals 
may be a feature of restricted sexuality.  More comparative studies including other 
restricted sexuality bark lice are necessary to fully understand the relationship between 
genetic diversity and this unique pattern of sexual-asexual co-existence. 
We have proposed three alternative hypotheses for the disparity between asexual 
and sexual genetic diversity in E. hageni, along with the null hypothesis that genetic 
diversity differences are solely due to differences in population sizes between the 
widespread asexual and isolated sexual forms.  Hypotheses 1 and 3 were examined in 
Chapter 2 of the dissertation, and predictions from Hypothesis 2 were tested in this study.  
The degrees of support, or lack thereof, for each of these hypotheses based on the various 
experiments and lines of evidence from this dissertation and from Shreve et al (2011) are 
summarized in Table 3.6.  Hypothesis 1, that the sexual form of E. hageni is derived, is 
only supported by outgroup rooting in the phylogenetic analyses.  However, while 
maximum parsimony and maximum likelihood analyses both support ancestral 
parthenogenesis in E. hageni, the fact that they do so by rooting the tree in different 
locations (Shreve et al 2011) casts doubt on either rooting.  The poor reliability of the 
maximum parsimony rooting further evidenced by the outgroup randomization test.  The 
rooting by the TCS program using coalescent-based methods, on the other hand, root the 
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mitochondrial network on the sexual haplotype, although this rooting is also questionable 
(see Chapter 2 discussion).  At this point, we cannot rule out the derived sexuality 
hypothesis, but the support for it is still weak.  The results of the cytonuclear disequilibrium 
tests are also inconsistent with this hypothesis. 
 The comparison of mitochondrial genetic diversity between E. hageni and P. 
subfasciatus is consistent with the life history differences hypothesis (Hypothesis 2; Table 
3.6).  However, there are several reasons why these results should be interpreted cautiously, 
as discussed above.  In addition, the cytonuclear disequilibrium tests suggest that 
mitochondrial diversification in E. hageni occurred during sexual reproduction, while the 
life history differences hypothesis assumes that E. hageni was primarily asexual during 
diversification. 
 The third hypothesis, that there was relatively recent conversion of E. hageni to 
asexual reproduction, was also supported by some lines of evidence and rejected by others.  
Only Hypothesis 3 predicts that mitochondrial diversification took place during sexual 
reproduction, and is therefore the only hypothesis consistent with the allelic cytonuclear 
disequilibrium results.  The most likely cause of a sudden conversion of E. hageni is 
infectious parthenogenesis, provided certain conditions are met that would preserve the 
standing, ancestral sexual diversity.  Although Wolbachia and Rickettsia parthenogenesis-
associated endosymbionts are present in asexual E. hageni, infection does not appear to be 
correlated with reproductive mode and there is no evidence that parthenogenesis-inducing 
endosymbionts are responsible for asexual reproduction in E. hageni.  As a result, the 
support for the recent asexuality hypothesis is weakened without a plausible explanation of 
how a conversion of asexual reproduction could have occurred as required by the 
hypothesis. 
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 The proposed hypotheses are not all necessarily mutually exclusive.  Although the 
derived sexuality hypothesis (Hypothesis 1) and the recent asexuality hypothesis 
(Hypothesis 3) are diametrically opposed to each other, it is possible that the life history 
hypothesis has worked in conjunction with other evolutionary and ecological processes to 
shape genetic diversity within E. hageni.  One plausible sequence of events is that a rapid 
conversion from sexual to asexual reproduction in E. hageni resulted in a majority of the 
standing genetic diversity being preserved in the parthenogenetic lineages.  At this point, 
the life history differences between the sexual and asexual forms and their differences in 
effective population size could have worked together to maintain and exacerbate the 
differences in genetic diversity between the reproductive forms. 
 It is not known when and why the difference in voltinism arose in E. hageni.  It is 
possible that the lichen communities on the rock out-croppings constitute a poorer food 
source for the sexual populations, slowing developmental time.  While the sexual form of 
E. hageni inhabits out-croppings that appear to be mostly bare rock to the human eye, the 
bark lice are locally quite abundant, suggesting that the rock faces have enough food 
resources to support a relatively large local populations.  Alternatively, the asexual form 
primarily living on deciduous and coniferous trees may inhabit a more thermally buffered 
environment.  This could select for phenological changes in the asexual from, allowing 
them to become active earlier in the spring and permit multiple generations in a season.  
Adult asexual E. hageni can be found by June, at least in the southern part of the range, and 
continue to be active until October.  Sexual adults, on the other hand, are usually present 
only from mid-July through August.  All of these possibilities, however, are complicated by 
asexual E. hageni that are occasionally found on rock faces (Mockford, pers. comm.).  
These parthenogenetic E. hageni are also multivoltine, but it is unknown if they are 
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transient on rock out-croppings or if they are primarily rock-dwelling like the univoltive 
sexual form. 
The question of the evolutionary, physiological, or ecological origin of the 
differences in voltinism is important in general, and especially so in regard to the scenario 
outlined earlier of Hypotheses 2 and 3 acting in concert.  If the difference in the number of 
generations per year was already present among populations in the ancestral sexual species, 
why would the differences in voltinism and differences in reproductive mode exactly 
coincide?  If the speculation that the sexual mitotypes were resistant to the spread of the 
hypothetical parthenogenesis-inducing endosymbiont (see Chapter 2) is corrects, it seems 
too coincidental that this same mitotype would also be associated with univoltinism.  It may 
be that the rock out-cropping habitat was environmentally responsible for both univoltinism 
(see above) and resistance to asexuality (see Shreve et al 2011; Chapter 2).  Studies on the 
nutritional ecology of both sexual and asexual E. hageni are necessary to address these 
questions.  
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Figures 
 
 
 
Figure 3.1.  Map of collection localities for P. subfasciatus samples.  Information about the 
localities can be found in Table 4.1.  Localities marked by green are asexual populations, 
the red locality is the eastern N. America sexual population, and blue localities are western 
N. America sexual populations. 
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Figure 3.2.  Statistical parsimony network showing relationships among the North 
American haplotypes of P. subfasciatus.  See Table 4.1 for haplotype definitions. 
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Figure 3.3.  Frequency distribution of mtDNA haplotypic diversity values of (A) asexual E. 
hageni, (B) asexual P. subfasciatus, (C) sexual E. hageni, and (D) sexual P. subfasciatus 
from 100 pseudoreplicates generated by jackknifing the original species’ datasets. 
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Figure 3.4.  Frequency distribution of mtDNA nucleotide diversity values of (A) asexual E. 
hageni, (B) asexual P. subfasciatus, (C) sexual E. hageni, and (D) sexual P. subfasciatus 
from 100 pseudoreplicates generated by jackknifing the original species’ datasets. 
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Tables 
Table 3.1.  The genetic diversity indices haplotypic diversity (H) and nucleotide diversity (πN) for P. subfasciatus and other asexual animal species based 
on mitochondrial markers.  Error estimates for E. hageni and P. subfasciatus are ± standard deviation as calculated by Arlequin.  Table adapted from 
Shreve et al (2011) 
Phylum Species H πN Marker Reference 
Arthropoda E. hageni 0.97 ± 0.015 0.0065 ± 0.0035 12S & ND5 Shreve et al 2011 
 E. hageni - asexuals 0.98 ± 0.0092 0.0071 ± 0.0038 12S & ND5 Shreve et al 2011 
 E. hageni - sexuals 0.25 ± 0.18 0.00027 ± 0.00038 12S & ND5 Shreve et al 2011 
 P. subfasciatus 0.83 ± 0.04 0.0081 ± 0.0042 12S & COI Current study 
 P. subfasciatus - asexuals 0.79 ± 0.05 0.0078 ± 0.0041 12S & COI Current study 
 P. subfasciatus - sexuals 0.83 ± 0.07 0.0083 ± 0.0045 12S & COI Current study 
Rotifera Philodina flaviceps
a 
0.915 ± 0.018  COI Fontaneto et al 2008 
Tardigrada Echiniscus testudo 0.86  COI Jorgensen et al 2007 
Chordata Carassius auratus
b
 0.000-0.895
c
 0.000-0.010
c
 Control region Li & Gui 2007 
 Clavelina lepadiformis
d
 0.682 ± 0.0899 0.0032 COI Tarjuelo et al 2001 
 Clavelina lepadiformis
e
 0.513 ± 0.0815 0.0018 COI Tarjuelo et al 2001 
 Botrylloides violaceus
f
 0.313 0.005 COI Bock et al 2011 
 Botrylloides violaceus
g
 0.038 0.001 COI Bock et al 2011 
 
Menetia greyii
h
  0.0020 
ND4, 
tRNA
his, ser, leu
 
Adams et al 2003 
 
Menetia greyii
i
  0.0035 
ND4, 
tRNA
his, ser, leu
 
Adams et al 2003 
Arthropoda Naupactus cervinus 0.844 ± 0.011 0.007 ± 0.001 COI Rodriguero et al 2010 
 Geodercordes latipennis
j
 0.84 0.00260 COI Polihronakis et al 2010 
 Geodercordes latipennis
k
 0.77 0.0197 COI Polihronakis et al 2010 
 Geodercordes latipennis
l
 0.47 0.00160 COI Polihronakis et al 2010 
 Scutovertex minutus
m
 0.818 0.00256 COI Schaffer et al, 2010 
 
Polydrusus inustus 0.0-0.7
n
 0.000-0.071
n
 
COII, CytB, 
ND1, tRNA
leu
 
Kajtoch et al 2009 
 Daphnia pulex
o
 0.660
p,q
  mtDNA RAPD
 
Weider & Hobæk 1997 
 Daphnia pulex
r
 0.421
p,q
  mtDNA RFLP Weider & Hobæk 2003 
 Acyrthosiphon pisum 0.5694  mtDNA RFLP Birkle & Douglas 1999 
 Aphis fabae
s
 0.545 0.00244 COI Komazaki et al 2010 
 Aphis gossypii
s
 0.277 0.00149 COI Komazaki et al 2010 
 Aphis glycines
s
 0.295 0.00020 COI Komazaki et al 2010 
 Aphis spiraecola
s
 0.197 0.00081 COI Komazaki et al 2010 
 Aphis craccivora
s
 0.791 0.00217 COI Komazaki et al 2010 
 Aphis nerii
s
 0.133 0.00009 COI Komazaki et al 2010 
 Artemia parthenogenetica 0.3395 0.0035 mtDNA RFLP Hajirostamloo 2009 
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Table 3.1 cont 
 Artemia parthenogenetica 0.3349 ± 0.059 0.00072 ± 0.0007 COI Muñoz et al 2010 
 Artemia parthenogenetica 0.000-0.933
n
  COI Maniatsi et al 2011 
 Warramba vigo
t
  0.004 COI Kearney & Blacket 2008 
 Warramba vigo
u
  0.001 COI Kearney & Blacket 2008 
Annelida Dendrobaena octaedra 0.714 0.00719 COI Knott & Haimi, 2010 
Mollusca Potamopyrgus antipodarum 0.413
v
 0.008
v
 Cyt b Neiman & Lively 2004 
 
a
may represent several cryptic species 
b
gynogenetic and triploid 
c
range of values across 4 hatcheries, 2 with no genetic diversity; probably not representative of natural genetic diversity 
d
exterior populations 
e
interior populations 
f
west coast populations 
g
east coast populations 
h
widespread parthenogens 
i
river parthenogens 
j
widespread asexual clade 
k
islands asexual clades 
l
Santa Monica Mts. asexual clade 
m
studied population is females biased; actual reproductive mode is uncertain 
n
range of values across multiple populations 
o
Russian populations 
p
originally reported as 1/(1-H) 
q
mean across several populations 
r
Canadian populations 
s
cyclical pargenogens 
t
Boulder-Zanthus phylad 
u
major phylad 
v
mean of 20 within-lake diversities including asexuals 
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Table 3.2.  Population genetic statistics for North American P. subfasciatus based on mitochondrial sequence 
data.  Values are given both for the entire species and for various geographic and ecological groupings.  The 
genetic diversity indices are haplotypic diversity (H, equivalent to expected heterozygosity in nuclear 
markers) and nucleotide diversity (πN).  Error estimates for H and πN are ± standard deviation as calculated by 
Arlequin. 
Grouping H πN 
All North America 0.83 ± 0.04 0.0081 ± 0.0042 
E. North America 0.77 ± 0.06 0.0078 ± 0.0041 
E. North America - Asexual 0.79 ± 0.05 0.0078 ± 0.0041 
E. North America - Sexual 0.64 ± 0.18 0.0076 ± 0.0044 
W. North America - Sexual 0.64 ± 0.18 0.00090 ± 0.00077 
All Sexual 0.83 ± 0.07 0.0083 ± 0.0045 
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Table 3.3.  Median genetic diversity from 100 pseudo-replications of sexual and asexual E. hageni and P. 
subfasciatus. 
Species Mode H πN 
E. hageni Asexual 0.984 0.00713 
 Sexual 0.333 0.000358 
P. subfasciatus Asexual 0.738 0.00751 
 Sexual 0.821 0.00792 
 
 
 
Table 3.4.  Results of Brunnel-Munzel tests comparing haplotypic and nucleotide diversity between the 
asexual forms of E. hageni and P. subfasciatus, and between the sexual forms of the two species.  The statistic 
 ̂ is the estimate of the parameter p (see Methods), here the probability that a randomly chosen P. 
subfasciatus pseudo-replicate has a greater genetic diversity value than a random E. hageni pseudo-replicate.  
Comparisons directly related to the life history differences hypothesis are marked by an asterisk. 
Mode Diversity Measure  ̂ Test Statistic p-value 
Asexual Haplotypic 0.00 -7071.07 <0.0001 
 Nucleotide 0.63 3.44 0.0008 
Sexual Haplotypic* 0.99 49.75 <0.0001 
 Nucleotide* 1.00 7071.07 <0.0001 
 
 
 
Table 3.5.  Results of Brunnel-Munzel tests comparing haplotypic and nucleotide diversity between the 
asexual and sexual forms of E. hageni and between asexual and sexual forms of P. subfasciatus.  The statistic 
 ̂ is the estimated probability that the sexual genetic diversity of a randomly chosen pseudo-replicate of a 
given species is greater than the asexual genetic diversity value of random pseudo-replicate.  Comparisons 
directly related to the life history differences hypothesis are marked by an asterisk. 
Species Diversity Measure  ̂ Test Statistic p-value 
E. hageni Haplotypic 0.01 -50.02 <0.0001 
 Nucleotide 0.00 -7071.07 <0.0001 
P. subfasciatus Haplotypic* 0.79 8.9 <0.0001 
 Nucleotide* 0.71 5.46 <0.0001 
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Table 3.6.  Support or lack of support for various hypotheses explaining the dispartity between asexual and sexual genetic diversity in Echmepteryx hageni.  
Hypotheses 1-3 are introduced and discussed in Chapter 1.  Effective population size posits that the differences in genetic diversity are due to differences in 
population size.  MP = maximum parsimony, ML = maximum likelihood 
Line of Evidence 
Sexuality Derived 
(Hyp. 1) 
Life History Differences 
(Hyp. 2) 
Recent Asexuality 
(Hyp. 3) 
Effective 
Population Size Reference 
MP Phylogenetic Rooting Supported    Shreve et al 2001; Chapter 2 
ML Phylogenetic Rooting Supported    Shreve et al 2001; Chapter 2 
Coalescent Rooting not supported    Shreve et al 2001; Chapter 2 
Outgroup Randomization not supported    Chapter 2 
Echag v. Pesub Comparison  Supported   Chapter 3 
Endosymbiont Search   not supported  Chapter 2 
Cytonuclear Disequilibrium not supported not supported Supported  Chapter 2 
mtDNA Differentiation Patterns    Supported Shreve et al 2011 
nDNA Differentiation Patterns    Supported Chapter 1 
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CHAPTER 4:  PHYLOGEOGRAPHIC ANALYSIS OF DISJUNCT DISTRIBUTIONS IN 
PERIPSOCUS SUBFASCIATUS 
 
Introduction 
 Although species can have patchy distributions across a landscape (e.g. Hansson et al 
2002; Cole & Weltzin 2005), their distributions at a larger, regional scale are often viewed as 
continuous.  In some cases, however, the distances between populations are so great that they are 
considered disjunct.  Species with disjunct distributions often exhibit populations with unique 
evolutionary histories (Hernandez-Roldan et al 2011).  Disjunct distributions can arise via 
several different evolutionary or ecological processes, such as vacariance or habitat 
fragmentation.  For some North American and European species, this fragmentation is thought to 
have occurred since the last glacial maximum (Schmitt & Hewitt 2004; Schmitt et al 2006; 
Larcombe et al 2011; Mayol et al 2012).  Such distributions can also result from long-distance 
dispersal events, which may be either historical (Beatty & Provan 2010; Schierenbeck & Phipps 
2010) or recent, human-mediated invasions (Albright et al 2010).  It should be noted that the 
classification of species into patchy versus disjunct distributions is not always clearly defined, 
but rather represents a continuum (e.g. Schierenbeck & Phipps 2010).  The ecology, life history, 
and patterns of gene flow of the species in question are important in making these distinctions, 
but intermediate cases are likely ultimately subjective. 
In addition to geographical disjunctions, ecological disjunctions can also result in long-
term isolation of sympatric (or allopatric) populations.  There are a wide variety of specific 
mechanisms that can cause ecological barriers between populations, such as chemosensory or 
life history variation.  For example, differences in fruit odor preferences (Linn et al 2004) and in 
overwintering phenology (Feder & Filchak 1999) appear to be responsible for isolating the apple 
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and hawthorn host races of Rhagoletis pomonella.  Such barriers can also arise from 
morphological divergence between lineages with specialized adaptations to food sources or 
habitats, as in chiclid fishes in many different lakes (e.g. Barluenga et al 2006).  It has long been 
recognized that mate location and mate choice are important aspects in the process of isolation 
and divergence of sympatric populations (Bush 1969; Berlocher & Feder 2002). 
Another cause of ecological disjunction is variation in reproductive mode within a 
species.  Obligate differences in reproductive mode can also be viewed as an ecological 
disjunction, in which there is no gene flow between sexual populations and asexual lineages.  
Thus, in species with co-existing reproductive modes, the parthenogenetic form of a species is 
removed from the sexuals’ pool of potential mates.  This can lead to population reproductive 
isolation, without the need for other reproductive barriers, such as host-associated mating 
differences to evolve. 
Obligate asexuality and obligate sexuality can isolate populations from each other just as 
effectively as distance or geographic barriers.  One common pattern of sexual-asexual 
coexistence is known as geographic parthenogenesis (Peck et al 1998).  In geographic 
parthenogenesis, sexuals tend to occupy the central part of the range, while asexuals are found in, 
or restricted to, habitats that are at higher latitudes, at higher altitudes, more disturbed, or in some 
sense “marginal” (Kearney 2005).  The proposed models of geographic parthenogenesis 
(described by Jensen et al 2002) all assume that the sexual populations act as the source for 
asexual lineages, which found populations in peripheral or marginal habitats due to the asexuals’ 
increased colonization ability or decreased competitive ability.  These factors are thought to 
prevent asexual populations from displacing sexuals from the central part of the range.  
Geographic parthenogenesis seems to predict that the presence of geographic disjunctions in 
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species with co-existing sexual and asexual forms are most likely due to long-distance dispersal 
events. 
Mockford (1971) described a similar, yet distinct, pattern of reproductive mode co-
existence in several species of bark lice (Psocoptera).  These species exhibit wide-spread asexual 
reproduction, whereas sexual populations are small and highly isolated.  One such species is the 
bark louse Peripsocus subfasciatus, in which the asexual form is widespread in geographic range 
in the deciduous forests of the eastern US, ranging west to central Minnesota, central Missouri, 
and eastern Texas.  In this region, sexual populations are known from isolated stands of hemlock 
trees in west-central Indiana.  Sexual populations have also been reported from conifers in 
western North Carolina (Mockford 1971), but screen of ~50 P. subfasciatus from this area 
yielded only females (pers. obs.)  This species is absent from the western US, except for 
additional sexual populations in coniferous forests along the Pacific coast in the northwestern US 
and south western Canada.  It also occurs in Europe, but only as asexual populations.  The 
distribution of P. subfasciatus on both continents is not believed to be the result of recent 
introductions or biological invasions (Mockford, pers. comm.).  Thus, P. subfasciatus exhibits 
disjunctions that are both geographical and ecological in nature.  The western North American, 
eastern North American, and European populations are separated from each other by thousands 
of kilometers, which are unlikely (in the case of the plains and mountains of North America) or 
unable (in the case of the Atlantic Ocean) to support dispersing individuals or lineages.  In 
addition, reproductive mode differences have likely isolated lineages within and between 
geographic regions. 
Genetic markers can be used to understand the population histories of organisms with 
range disjunctions and population genetic structure.  We used mitochondrial and nuclear markers 
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to elucidate the evolutionary history of the bark louse P. subfasciatus.  Nuclear loci can exhibit 
different phylogeographic histories compared to mitochondrial genes (e.g. Hedtke & Hillis 
2011).  Multiple loci will also increase the power of coalescent-based methods to detect signals 
of the evolutionary and demographic history of P. subfasciatus, including on-going or historical 
gene flow between the western and eastern sexual populations.  Nuclear loci provide additional 
information over mitochondrial genes because the relatively smaller effective population size of 
the mitochondrial genome often results in the loss of the ancestral polymorphisms necessary for 
inferences of gene flow (Marko & Hart 2011).  The overlap of geographic and ecological 
disjunctions likely arises from a complex evolutionary history, making the additional power of 
nuclear loci even more important in this species.  In particular, we used population genetic 
techniques to investigate the cause of the geographic distribution pattern of this species and to 
determine the relative effects of geographical versus ecological disjunctions on its genetic 
structure.   
 There are a number of different methods for analyzing phylogeographic data ranging 
from tree-based phylogenetic methods to allele frequency-based population genetic methods.  A 
single type of analysis can address certain biogeographic or demographic questions at a certain 
time scale, but a full understanding of the evolutionary history of a species requires multiple 
analytical methods to be used in combination (Bernatchez 2001; Althoff & Pellmyr 2002).  In 
this study, we adapt the sequential methodology outlined by Althoff & Pellmyr (2002) into a 
three-pronged approach to investigate the evolution of geographic and ecological disjunctions in 
P. subfasciatus.  (1) Mapping geography onto the phylogenetic tree can indicate geographic 
structure if the divergences between populations are deep enough.  (2) Haplotype networks 
provide a different method of visualizing genetic relationships that are able to deal with reticulate 
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relationships and extant ancestral haplotypes common in intra-specific data.  (3) Population 
genetic methods such as analysis of molecular variance (AMOVA) are sometimes able to detect 
structuring and effects of demographic history that phylogenetic-based methods cannot detect 
due to stochastic processes such as on-going drift and lineage sorting. 
The distribution of P. subfasciatus, and other bark lice with the restricted sexual-
widespread asexual pattern does not appear to conform to a strict classical definition of 
geographic parthenogenesis.  The habitats of the asexuals cannot be characterized as peripheral, 
marginal, or restricted in any obvious fashion.  In addition, while the eastern North American 
sexual population is surrounded by parthenogenetic populations, it does not occupy the central 
part of the range, as the term is used in the geographic parthenogenesis literature.  In addition, 
the obvious candidate for long-distance dispersal, the western North America populations, are 
sexual rather than asexual.  It therefore seems clear that geographic parthenogenesis does not 
offer a guiding paradigm in predicted the evolutionary origins of the disjunctions in P. 
subfasciatus and that a population genetic study of this system may illuminate new phenomena. 
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Methods 
Sample Collection 
Specimens of Peripsocus subfasciatus were collected from 2001 to 2008 in Georgia, 
Tennessee, North Carolina, Minnesota, llinois, Indiana, Pennsylvania, New York, Vermont, New 
Hampshire, California, Washington, and Luxembourg (Table 4.1; Figure 3.1).  Individuals were 
collected by knocking them from lower tree branches onto a canvas beating cloth.  All samples 
from the same collection site were stored together in 95% ethanol at -80°C or -20°C.  DNA 
extraction was performed using the Qiagen DNeasy extraction kit, following the manufacturer’s 
protocols.  Whole specimens were incubated overnight in the extraction buffer at 55°C, and the 
cleared specimens were retained as vouchers.  DNA was eluted in 50 μL of elution buffer. 
 
mtDNA Amplification and Sequencing 
 We amplified portions of the mitochondrial cytochrome oxidase subunit I (COI) and 12S 
rRNA genes using polymerase chain reaction (PCR).  The primers C1-J-1718 and H7005 
(Hafner et al 1994; Bonacum et al 2001) were used for the COI PCR reactions, and amplified 
722 bp.  The sequences for all primers used in this study are given in Table 4.2.  COI 
amplifications were performed in 25 µL reactions with 1.5 µL of extracted DNA, 1.5 mM 
MgCl2, 0.2 mM dNTPs, 0.4 µM of each primer, 0.02 mg/mL bovine serum albumin (BSA), and 
2.5 units of Taq.  The reaction conditions for the COI PCR were 94°C for 5 min; 35 cycles of 
94°C for 30 s, 50°C for 30 s, 72°C for 1 min; and 72°C for 7 min.  In addition, the primers 12Sai 
and 12Sbi (Simon et al. 1994) were used to amplify 340 bp of 12S.  12S amplifications were 
performed in 25 µL reactions similar to the COI PCR, except for BSA (0.05 mg/mL) and Taq 
(1.5 units).  The reaction conditions for the COI PCR were 94°C for 5 min; 35 cycles of 94°C for 
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30 s, 50°C for 30 s, 65°C for 30 s; and 65°C for 7 min.  Sequencing reactions used ABI Prism 
BigDye Terminators (Perkin Elmer) and the same primers from the PCR reactions.  
Complementary chromatograms were assembled and sequences were aligned using Sequencher 
4.9 (GeneCodes). 
 
Nuclear DNA Amplification and Sequencing 
Potential nuclear markers were obtained by searching an existing P. subfasciatus Illumina 
genomic database with the amino acid sequences of genes identified as 1:1 orthologs across 
existing insect genomes using the tBLASTn algorithm.  Sequences of Pediculus humanus 
(human body louse) genes were used as references following the Target Restricted Assembly 
Protocol (Johnson et al 2013).  The resulting sequences from each search were assembled in 
Sequencher, and the identity of the contigs was confirmed by reciprocal best-BLAST against the 
genome of Pediculus humanus.  We manually screened the contigs for evidence of within-
species variation located between conserved regions that could serve as primer binding sites.  
Primers were designed for candidate loci using the Genbank Primer-BLAST tool 
(http://www.ncbi.nlm.nih.gov/tools/primer-blast/).  After testing the candidate primers, we found 
three loci that successfully amplied segments with sufficient intra-specific variation. 
The first nuclear marker was 122 bp from the acyl-protein thioesterase (hereafter referred 
to as APT) gene using the primer Pesub67-F and Pesub67-R.  The second locus consisted of 207 
bp of a conserved hypothetical protein (VectorBase ID PHUM024740-PA, hereafter referred to 
as HYP024740) using the primers Pesub35-F and Pesub35-R.  The third nuclear locus was 135 
bp of 3-hydroxyisobutyrate dehydrogenase (hereafter HIBADH) using the primers Pesub48-F 
and Pesub48-R.  All three loci were amplified in 25 µL reactions with 1.5 µL of extracted DNA, 
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1.75 mM MgCl2, 0.2 mM dNTPs, 0.4 µM of each primer, 0.06 mg/mL bovine serum albumin 
(BSA), and 1.25 units of Taq.  The reaction conditions for each locus were 94°C for 5 min; 35 
cycles of 94°C for 30 s, 55°C for 30 s, 72°C for 30 s; and 72°C for 7 min.  Sequencing reactions 
used ABI Prism BigDye Terminators and the same primers from the PCR reactions.  
Complementary chromatograms were assembled and sequences were aligned using Sequencher 
4.9.  Single nucleotide polymorphisms were identified based on double peaks in the 
chromatograms and called according to the IUPAC ambiguity codes.  The haplotype phase of 
each sequence was then reconstructed using DnaSP v5 (Librado & Rozas 2009). 
 
Phylogenetic Analyses 
We used both parsimony and likelihood methods to assess tree topologies for 
mitochondrial haplotypes.  In order to insure that the maximum parsimony search for each 
dataset found all islands of most-parsimonious trees and that no islands with shorter trees were 
missed, the heuristic search used 5,000 random addition replicates in PAUP (Swofford 2003).  
Branch swapping was done by tree-bisection rearrangement (TBR).  To limit the analysis to a 
reasonable amount of time, 500 trees were kept at each replicate.  Trees from the same island 
were combined into a 50% majority rule consensus tree, retaining groups in the tree consistent 
with the 50% majority rule.  Bootstrap support for branches in the maximum parsimony tree was 
determined in PAUP using 200 bootstrap replications, each replication consisting of a heuristic 
search with 500 random addition replicates.  Peripsocus madidus was used an outgroup in all 
phylogenetic analyses. 
Maximum likelihood analyses were conducted in GARLI v2.0 (Zwickl 2006) using the 
HKY+I+Γ substitution model, as determined in jModeltest using Bayesian information criteria 
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(Guindon & Gascuel 2003; Posada 2008).  Twenty independent runs were conducted in GARLI, 
with the results of each combined in a majority rule consensus tree using Dendroscope (Huson et 
al 2007).  Branch support was determined with a bootstrap analysis consisting of 200 replicates.  
Consensus tree was computed in PAUP. 
 
Haplotype Networks 
Haplotype networks, as opposed to trees, offer several advantages in the graphical 
representation of relationships of alleles or haplotypes within species (Posada & Crandall 2001).  
They are able to take into account extant ancestral (interior) haplotypes and multifurcating 
relationships that are common and expected at the intraspecific level.  The program TCS 
(Clement et al 2000) was used to calculate that statistical parsimony network for the 
mitochondrial and three nuclear datasets separately.  Gaps were treated as missing data in 
constructing the networks. 
 
Population Genetic Statistics 
The genetic diversity within both the entire species and within the sexual and asexual 
populations of P. subfasciatus was measured at both the haplotype and nucleotide level for all 
four gene regions.  For mitochondrial data, haplotypic diversity (H) is defined as the probability 
that two randomly selected haplotypes are different, and is comparable to heterozygosity in 
nuclear DNA (Nei 1987).  The directly comparable diversity measure for the nuclear data is gene 
diversity (H), equivalent to expected heterozygosity, and is calculated the same way as 
haplotypic diversity.  Nucleotide diversity (πN) is a similar measure to H at the base pair level, 
summed over all bases (Nei 1987).  In addition, departure from Hardy-Weinberg Equilibrium 
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(HWE) was calculated by an exact test using a Markov chain of 100,000 steps and 1,000 
dememorization steps.  All statistics were calculated using Arlequin ver. 3.5 (Excoffier et al 
2005). 
 
Genetic and Geographic Structure 
 There are several potential sources of structure within P. subfasciatus:  asexual vs. sexual 
reproduction, Europe vs. North America, and east vs. west within North American populations.  
We examined the degree of structuring within P. subfasciatus using a variety of methods.  
Associations between the two major clades identified by the phylogenetic analysis (see Results) 
and the possible ecological and geographical forces of differentiation were assessed using 2x2 
contingency tables, with significance determined using Fisher’s exact test.  We also tested the 
genetic differentiation using an analysis of molecular variance (AMOVA; Excoffier et al 1992) 
implemented in Arlequin.  We classified populations of P. subfasciatus into four basic ecological 
and geographical groups:  1) asexual populations in eastern N. America, 2) the sexual population 
in eastern N. America, 3) sexual populations in Western N. America, and 4) the asexual 
European populations.  We tested the significance of the genetic structure among these four 
categories, as well as further groupings of them based on reproductive mode or geography.  
Significance of the associated Φ-statistics (analogs of F-statistics incorporating evolutionary 
distance between haplotypes; Excoffier et al 1992) was determined using 10,000 permutations to 
generate null distributions.  Following the suggestion of Excoffier et al (1992), the AMOVA 
calculations did not include the individual level of the hierarchy.   
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Demographic History Based on Neutrality Tests 
Tests of neutrality are sensitive not only to the effects of natural selection on DNA 
sequences, but also to bottleneck, population size changes, and genetic hitchhiking (Fu 1997). 
The neutrality tests D (Tajima 1989), FS (Fu 1997), and F* (Fu & Li 1993) were calculated to 
test the assumption of constant population size.  All of these tests exhibit significant negative 
values under population expansion.  Although several ecological and evolutionary phenomena 
can result in the rejection of neutrality under these tests, it is possible to use a combination of test 
statistics to infer the specific cause of the violation of neutrality.  Fu (1997) compared several 
neutrality tests and showed that the relative powers of these tests to detect deviations from 
neutrality varied according to the cause of the deviation.  Specifically, FS and Tajima’s D were 
more powerful in cases of population expansion, and F* was more powerful in the presence of 
background selection.  Test statistics D and FS were calculated using Arlequin, with significance 
being determined by comparison to a distribution of test statistic values from repeated sampling 
of data generated by a coalescent algorithm under the conditions of the null hypothesis.  F* was 
calculated by DnaSP v5 (Librado & Rozas 2009) with significance determined by the probability 
table presented in Fu & Li (1993). 
 
Effective Population Size and Migration Rates 
 We inferred the effective population sizes of the four basic populations and the migration 
rates among them using a Bayesian approach implemented in the program LAMARC (Kuhner 
2006).  We ran five independent chains for each gene region, sampling every 200 steps and 
collecting a total of 75,000 samples per chain.  The first 10,000 steps of each chain were 
discarded as a burn-in.  On the basis of preliminary runs, we used the default logarithmic prior 
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for the estimates of theta (θ), and a linear prior with lower and upper bounds of 0.0005 and 500 
for the migration estimates.  The APT locus did not have genetic variation to estimate the 
population parameters, and was not included in the LAMARC analyses.  Because of the 
difficulty in disentangling mutation rate from other population genetic parameters, LAMARC 
estimates effective population size using the scaled population mutation rate (θ = 4Neµ for 
diploid loci) and migration as M = m/µ, where m is the probability of a lineage immigrating per 
generation.  To obtain a more commonly used measure of migration (4Nem), one can multiply 
LAMARC’s migration estimate M by its estimate of θ for the recipient population. 
 
Cytonuclear Disequilibrium 
 We used measures of cytonuclear disequilibrium to infer in a statistically rigorous fashion 
the reproductive mode of P. subfasciatus during mitochondrial diversification using the program 
CNDm (http://statgen.ncsu.edu/brcwebsite/software_BRC.php#Cytonuclear-diseq).  Cytonuclear 
disequilibrium can be used to test the strength of association of both nuclear alleles and nuclear 
genotypes with mitochondrial haplotypes (Asmussen et al, 1987; Asmussen & Basten, 1996).  
See Chapter 2 for a full description and rationale of the methods used in the analysis. 
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Results 
Genetic Variation 
 Sequencing of the 12S and COI genes revealed 20 mitochondrial haplotypes across the 
63 sampled Peripsocus subfasciatus, with two additional haplotypes from Peripsocus madescens 
(see below).  Although the nuclear markers were all relatively short DNA sequences, multiple 
SNPs occurred within each locus, with HYP024740 being the most variable.  Considering P. 
subfasciatus and P. madescens together, 4 SNPs forming 3 unique haplotypes occurred within 
the APT locus, 8 SNPs forming 11 haplotypes occurred within the HYP024740 locus, and 5 
SNPs forming 5 haplotypes within the HIBADH locus.  Given that the SNPs within each gene 
were in very close proximity, and the significant linkage among them (data not shown), the 
nuclear haplotypes were treated as alleles in subsequent analyses.  Mitochondrial haplotypes and 
nuclear genotypes for each specimen are given in Table 4.1. 
 
Phylogenetic Analysis 
 Only the mitochondrial data had sufficient variation to be used in phylogenetic analyses.  
A heuristic maximum parsimony search recovered 9,630 trees with a length of 212 steps, which 
were used to create a majority-rule consensus tree (Figure 4.1).  The distribution of symmetric 
differences between trees showed no evidence of multiple islands (not shown), and the high 
retention indices (RI = 0.9780 for all trees) indicate that there are unlikely to be other tree islands 
that were missed by the heuristic search (Maddison 1991).  The maximum parsimony analysis 
revealed two major clades with moderate (upper clade in Figure 4.1, hereafter Clade A) to strong 
(lower clade, hereafter Clade B) bootstrap support.  Sequences in these two clades differed from 
each other by an average of 1.8% uncorrected sequence divergence, compared to 0.02-0.3% 
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within clade divergence.  Western North America sexual populations formed a paraphyletic 
assemblage in Clade B, but the other basic geographic and ecological groups of P. subfasciatus 
are found in both clades.  Evidence of geographic structuring within the most widely sampled 
group, eastern North American asexuals, was ambiguous.  For example, samples from two 
localities in Rutland Co., VT, were restricted to Clade B, whereas samples from Fulton Co., NY, 
less than 160 km distant, are found in both major clades.  The maximum likelihood tree (Figure 
4.2) differs from the maximum parsimony tree only in the placement of the outgroup P. madidus.  
The maximum likelihood places the root of the P. subfasciatus tree within Clade A, as identified 
by the maximum parsimony analysis.  Bootstrap support values for both the maximum 
parsimony and the maximum likelihood trees were low, which is to be expected since most 
haplotypes are only separated from each other by a single mutational step. 
 
Genetic Diversity 
 The sexual populations along the Pacific coast have similar haplotypic diversity to the 
eastern sexual population.  However, the western haplotypes are closely related to each other, 
which is reflected in their nucleotide diversity being an order of magnitude less than the eastern 
sexuals’ (Figure 4.3; Table 4.3).  There were no mitochondrial haplotypes shared between the 
two groups of sexual P. subfasciatus (Figure 4.3), and so the combined sexual haplotypic 
diversity is slightly greater than asexual haplotypic diversity (Table 4.3).  Both the haplotypic 
and nucleotide diversity estimates of European P. subfasciatus is less than the North American 
populations, although it should be noted that geographic sampling in Europe was limited.  See 
Chapter 3 for discussion of how mitochondrial genetic diversity compares to Echmepteryx 
hageni and other asexual animals. 
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 There was wide variation in genetic diversity patterns at the three nuclear markers used in 
this study.  The western North American sexual and European asexual populations had no 
genetic variation at the APT locus, and gene diversity and nucleotide diversity changed little 
across the geographic and ecological groupings (H = 0.46 to 0.50; πN = 0.0038 to 0.0041; Table 
4.3).  There also was a marked reduction in observered heterozygosity at the APT locus, 
approximately an order of magnitude less than the expected heterozygosity.  Except for the 
invariable western North American and European samples, only the eastern North American 
sexual population was in Hardy-Weinberg equilibrium for the APT locus (Table 4.3). 
 The HYP024740 locus showed a high level of genetic diversity, with gene diversity at the 
this locus and the mtDNA genes being similar.  Additionally, the variation contributing to the 
respective gene diversities is concentrated in a much shorter DNA fragment in the nuclear 
marker, resulting in HYP024740 exhibiting a much greater nucleotide diversity the 
mitochondrial genes (Table 4.3).  In contrast to APT, there was an excess of heterozygosity at 
the HYP024740 locus and observed heterozygosity was always greater than expected, regardless 
of geographic or ecological grouping (Table 4.3).  Heterozygosity was never lower than 90% 
(eastern North American asexual), and reached 100% in the sexual and European populations. 
 Like the APT locus, the HIBADH locus also exhibited a reduction in heterozygosity at 
most geographic and ecological groupings, though to a lesser degree.  Only the eastern North 
American sexual, western North American sexual, and European asexual groups did not show a 
loss of heterozygosity and were in Hardy-Weinberg equilibrium.  However, these groups also 
had the smallest sample sizes, and there was an apparent reduction in heterozygosity when all 
sexuals were considered together (Table 4.3).  Overall, HIBADH genetic diversity estimates 
followed the same pattern as mtDNA, with the separate sexual groups and European populations 
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having lower gene and nucleotide diversity values, while all asexual, all sexual, all North 
American, and P. subfasciatus overall having higher and roughly equivalent genetic diversity 
(Table 4.3). 
 
Genetic and Geographic Structure 
 At a broad, phylogenetic scale, the mitochondrial genetic variation with P. subfasciatus is 
organized into two main clades.  Based on Fisher’s exact test, there is no association between 
these two clades and reproductive mode (p = 0.419, Table 4.4).  While, the association between 
continent of origin and clade is marginally significant (p = 0.0555, Table 4.5), this is based on 
very limited available sampling in Europe, and it is unclear how wider geographic collecting in 
Europe would affect the association.  When only North American P. subfasciatus are considered, 
the western North American sexual populations were strongly associated with Clade B (p = 
0.00481, Table 4.6), although Clade B also includes representatives from the eastern North 
American asexual, eastern North American sexual, and European asexual groups. 
 We used a series of AMOVA analyses to test the ability of a variety of geographic and 
ecological partitioning to explain genetic variation in P. subfasciatus at the mtDNA (Tables 4.7-
11), APT (Tables 4.12-16), Pesub 35 (Table 4.17-21), and HIBADH (Tables 4.22-26) loci.  The 
high within-individual variation (heterozygosity) present at HYP024740 limited the utility of this 
locus in analyzing the genetic structure of P. subfasciatus as it overwhelmed any signal from 
higher-level groupings.  Despite this, all four loci showed significant differentiation among the 
basic geographic and ecological groups (eastern North American asexual, eastern North 
American sexual, western North American sexual, and Europe-asexual), confirming their use as 
the basic elements in the genetic diversity and demographic analyses. 
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 There is no evidence that the genetic variation in P. subfasciatus is structured along 
sexual-asexual lines.  Reproductive mode explains only 1.15% of variation at the mitochondrial 
level (Table 4.8), and none of the variation at the nuclear loci (Tables 4.13, 4.18, & 4.23).  This 
is consistent with the Fisher’s exact test of association between reproductive mode and mtDNA 
clades.  Also in agreement with mtDNA clade associations, geography explains much more of 
the genetic variation within the species than reproductive mode (Tables 4.9-11, 4.14-16, 4.19-21, 
& 4.24-26).  Although the differentiation between European and North American P. subfasciatus 
was statistically significant at all loci (Tables 4.11, 4.16, 4.21, & 4.26), this geographic split 
explained less of the within-species genetic variation than other geographic patterns.  For all loci 
except HYP024740, grouping the European asexual with western North American sexual 
populations explained the greatest percentage of the genetic variation.  However, the difference 
in explanatory power between this grouping and a more general eastern North American vs. 
western North American sexual vs. European asexual was quite small. 
 
Demographic History 
 Demographic history was inferred through the use of mupltiple tests of neutrality that are 
more (Fu’s FS) or less (Tajima’s D, Fu & Li’s F*) powerful at detecting departure from neutral 
sequence evolution arising from population expansion (Fu 1997; Ramos-Onsins & Rozas 2002).  
There were no significant neutrality tests in the mitochondrial data, and among the nuclear loci 
there only a single significant FS value (Table 4.3).  There is therefore no evidence of a genetic 
signal of population expansion in any group of P. subfasciatus.  The single significant FS statistic 
was at the HIBADH locus for all sexual P. subfasciatus, and was significantly greater than zero, 
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rather than the significantly negative value that would expected in the presence of population 
expansion. 
 The neutrality tests in general tended to be positive and all significant test statistics were 
greater than zero (Table 4.3).  APT had two significant Tajima’s D statistics:  for eastern North 
American asexuals and for all North America, which are dominated by eastern North American 
asexual samples in this study.  In contrast, the HYP024740 locus had a large number of 
significant D and F* statistics.  At this locus, only the eastern North American sexual (D and F*) 
and all eastern North American (F*) groupings were not statistically different from zero (Table 
4.3).  The HIBADH locus was similar to APT with a single significant D value, but in this case 
at the all sexual group.   
 Neutrality tests significantly greater than zero can result from population bottlenecks or 
from a balancing selection regime, such as heterozygote advantage.  Since only a single locus 
showed a strong pattern of neutrality test statistics that were, it is unlikely that a population 
bottleneck has occurred.  A demographic event like a sudden population reduction would be 
expected to leave a genetic signal across the genome, rather than just at a single locus.  It is more 
probable that HYP024740 is under balancing selection, possibly via heterozygote advantage.  
Indeed, there is a large excess of heterozygotes at this locus. 
 
Effective Population Size and Migration 
 The posterior probability distributions for estimates of θ by LAMARC show that the 
three loci converged on similar values (Table 4.27; Figure 4.7).  The long tail on the HIBADH 
curve suggests that there may have been insufficient information present at that locus to fully 
overcome the prior distributions for migration paramters, but it does not appear to have had a 
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strong affect on the overall estimates.  The estimates based on the number of segregating sites 
(θS) differed wildly from those based on nucleotide diversity (θπ) and those inferred by 
LARMARC (Table 4.27).  Values of θS were generally two to three orders of magnitude greater 
than the other two estimates, but there were also large differences between θπ and θLAMARC for 
the eastern North American sexual, western North American sexuals, and European categories.  
There was a great deal of uncertainty associated with all θ estimates, however.  The 95% 
credibility intervals inferred by LAMARC frequently spanned several orders of magnitude, and 
the estimates calculated by Arlequin are associated with large standard deviations. 
 There was also no agreement across estimators or across loci on relative effective 
population sizes.  The LAMARC method provides θ estimates that are reasonably close to each 
other across the mitochondrial and two nuclear markers.  In addition, at each locus the eastern 
North American asexual populations always exhibited the largest θ and the western North 
American sexual populations the lowest, while the relative estimates of θ for eastern North 
American sexual and European asexual varied across loci.  On the other hand θπ and θS had very 
different patterns from each other and across loci (Table 4.27).  Eastern North American asexuals 
had the largest inferred effective population size at the mtDNA (θπ) and HIBADH (θπ and θS) 
loci, but the European asexual population had the largest effective population size for the 
HYP024740 locus (θπ and θS).  Finally, the eastern North American sexual population had the 
greatest inferred effective population size at the mitochondrial loci based on θS, which was never 
the case in the LAMARC estimates. 
 The migration matrix among the four groups of P. subfasciatus estimated by LAMARC 
is characterized by very large values for the migration parameter M (Table 4.28).  Overall trends 
present in the matrix suggest that the western North American sexual populations have been the 
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recipients of relatively few immigrants from eastern North American compared to Europe, 
supporting the AMOVA results.  However, the European asexual populations apparently 
exchange migrants with the other three categories at an approximately equal rate.  However, the 
validity and interpretation of theses estimates is highly questionable.  The posterior probability 
distributions for the various migration parameters suggest that the loci used in this study have 
insufficient information to estimate migration, and the probability curves appear to be largely 
driven by the prior (Figure 4.8).  In addition, the interpretation of the inferred values of M are 
dependent on the values of θ for each group.  If the LAMARC or θπ estimates are used to convert 
M to 4Nem, then migration among the groups of P. subfasciatus is less than that required to 
overcome the effects of genetic drift, using 4Nem = 1.0 as the point where migration and drift 
balance each other.  On the other hand, if θS is used, then migration among populations of P. 
subfasciatus has been rampant and has likely had a powerful effect on its genetic structure. 
 
Ctyonuclear Disequilibrium 
 All three nuclear markers showed evidence of strong associations between nuclear and 
mitochondrial DNA (Tables 4.29-31).  The association was highly significant at both the allelic 
and genotypic levels, and was present at all nesting steps.  This means that the nuclear-
mitochondrial associations are present on an evolutionary scale, and suggests that asexual 
reproduction is not recent in origin. 
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Discussion 
 Analysis of mitochondrial and nuclear data reveals a significant amount of genetic 
diversity, especially at the mitochondrial level, within the bark louse Peripsocus subfasciatus.  
Specifically, two major haplotype clades were identified within P. subfasciatus, and these differ 
from each other by an average of 1.8% uncorrected sequence divergence for COI.  However, it is 
not clear how this genetic diversity relates to the geographic disjunctions in the species’ 
distribution, or to ecological differences within the species in the form of differences in 
reproductive mode (sexual vs. parthenogenetic).  AMOVA analyses show that reproductive 
mode fails to explain intraspecific genetic variation.  One pattern that does emerge is the 
European and western North American haplotypes and alleles are differentiated from eastern 
North American haplotypes and alleles.  It may be that dispersal or connection of these 
populations occurred across Beringia during Pleistocene (e.g. Bock & Bock 1974; Hundertmark 
et al 2002).   
 Maximum parsimony phylogenetic analysis shows that, at a broad-scale, P. subfasciatus 
mitochondrial haplotypes are separated into two main clades (Figure 4.1).  This structure is 
obscured in the maximum likelihood analysis, due to the different rooting.  The root of the 
maximum likelihood tree is within Clade A, rendering it paraphyletic with respect to the 
monophyletic Clade B, which sits on a relatively long branch (Figure 4.2).  The shifting root of 
the P. subfasciatus reflects the difficulty of connecting a distantly related outgroup, P. madidus, 
to a relatively minimally differentiated ingroup (Hendy & Penny 1989).  The maximum 
parsimony tree is more balanced, and the rooting of the maximum likelihood tree seems unlikely 
given the high variance in substitution rate it would require between haplotypes.  In addition, the 
placement of the New Hampshire sample as basal to a large expansion that include the western 
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North American sexual populations, and is highly divergent from the rest of the species, is not 
biogeographically plausible.  The rooting of the maximum likelihood tree is likely an artifact of 
estimating a substitution model dominated by within-species divergence and using this model to 
connect a root with a much more divergent outgroup.  Thus, the rooting of the maximum 
parsimony and the TCS network will be used to interpret the results of the mitochondrial data, 
but further analysis with a closer outgroup is necessary to verify this rooting.  There has been no 
phylogenetic treatment of the genus Peripsocus, however, and there is not a clear a priori 
expection of which species would serve as a suitable outgroup.  The North American species 
have been taxonomically organized into three groups and five subgroups (Mockford 1993), but 
this classification may not reflect phylogenetic relationships.  P. madidus has been placed in the 
same group and subgroup and P. subfasciatus, but is apparently quite distant.  Meanwhile, the 
other intended outgroup in the analysis, P. madescens, is in a different subgroup from P. 
subfasciatus, but surprisingly their mitochondrial haplotypes are embedded within P. 
subfasciatus (Figure 4.1-3) and they have shared or closely related alleles at nuclear loci (Figure 
4.4-6). 
 The genetic break between the two major mitochondrial clades recovered in the 
parsimony analysis does not correspond to any of the geographical or ecological divisions in P. 
subfasciatus.  Asexual, sexual, North American, and European individuals can be found in both 
clades.  All four geographical and ecological groupings of P. subfasciatus are paraphyletic at the 
mitochondrial level, and also at each nuclear marker. The lack of monophyly could be the result 
of recent divergence, continued gene flow among the groups, or large effective population sizes 
maintaining ancestral polymorphisms.  It is sometimes the case, however, that current 
geographic distribution can be misleading, and genetic structuring reflects historical or ancient 
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distributions.  Given the large genetic divergence between the two clades compared to the 
relatively low divergence within clades, it seems more likely that this latter explanation may be 
the case.  For example, the present-day distribution of the Mountain Ringlet butterly Erebia 
epiphron includes the Pyrenees Mts. between France and Spain and the Alps, but there the 
species is absent from the area between the mountain ranges.  Schmitt et al (2006) conducted a 
genetic analysis and determined that the populations in the western portion of the Alps had more 
simililarity to the geographically distant and disjunct Pyrenees populations than they did to the 
geographically adjoining populations in the central and eastern Alps.  They concluded that the 
Pyrenees and western Alps populations originated from a single contiguous range that was split 
when the warming, interglacial climate forced the alpine butterfly to the higher altitudes of the 
respective mountain ranges.  Meanwhile, the central and eastern Alps populations arose from 
different glacial distributions.  A similar pattern is seen in many alpine plant species in the region 
(Schmitt et al 2010). 
 The deep break in the mtDNA genetic structure in P. subfasciatus may be the result of 
two glacial refugia during the Pleistocene Ice Ages.  During the post-glacial climatic warming, 
members of the two refugia may have expanded northward and made secondary contact 
throughout eastern North America.  The results of the neutrality tests, however, are difficult to 
reconcile with an expansion from glacial refugia.  There is no evidence of a demographic 
expansion that would be expected to accompany such a range expansion.  It is possible that the 
refugia had large initial populations, so the population increase during the expansion was 
relatively insignificant.  The restricted distribution of the eastern North American sexual 
population also poses a problem.  It seems very unlikely that the sexual individuals from the two 
refugia would be restricted to the same, extremely isolated population.  The sexual population 
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could be a Pleistocene relic, but then the presence of mitochondrial haplotypes would be the 
result of ancestral polymorphism.  The divergence between the clades would therefore pre-date 
rather than be the effect of the glaciation.  Most calibrations of insect mitochondrial sequence 
divergences suggest that the COI gene diverges approximately 2.3% per million years (DeSalle 
et al 1987; Brower 1994; Trewick 2000), which would put a 1.8% divergence in COI for P. 
subfasciatus at 0.78 Mya, within the Pleistocene but significantly older than the most recent 
glaciation events.  However, errors can arise when molecular clocks derived from interspecific 
divergeneces are applied to intraspecific datasets.  Because purifying selection may not have had 
time to act, intraspecific divergences may include deleterious polymorphism still segregating in 
the populations, resulting in an overestimate of divergence time (Ho et al 2005, 2007; 
Papadopoulou et al 2010). 
There are several recognized patterns of multiple glacial refugia in the southeastern 
United States, including the Mississippi River discontinuity, the Apalachicola River 
discontinuity, and the Appalachian Mts. discontinuity (Soltis et al 2006).  However, the absence 
of any discernable geographic structure in the mitochondrial data makes it impossible to 
distinguish among these possibilities.  The lack of geographic structure could be attributed to 
high dispersal and gene flow during the post-glacial expansion.  Psocopterans are in general 
considered poor fliers, and almost always seek to escape by running rather than flying (pers. 
obs.).  However, they are capable of dispersing long distances on wind currents, being found on 
most highly isolated oceanic islands.  Empirical estimates of dispersal ability are necessary to 
determine if it is sufficient to erase the geographic signal from the mitochondrial data and 
explain the lack of structure at the nuclear loci. 
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We tested the strength of the associations of nuclear alleles and genotypes with 
mitochondrial haplotypes as a means of inferring the mode of reproduction during mitochondrial 
diversification and possible range expansion out of glacial refugia.  The strong associations seen 
at each nuclear marker and at all nesting levels suggests that asexual reproduction is 
evolutionarily ancient within P. subfasciatus.  If the glacial refugia hypothesis is correct, this 
means that geographic mixing between the clades is almost entirely due to dispersal.  Curiously, 
instances of breakdowns in the associations, i.e. Clade A alleles in individuals with Clade B 
haplotypes, are more often found in asexual rather than sexual specimens.  One would expect 
that the sexual form would be primarily responsible for the movement of nuclear alleles between 
mitochondrial clades, but this appears not to be the case. 
The hypothetical glacial refugia are based solely on the phylogenetic analysis of the 
mitochondrial genes, without clear phylogeographic support.  At this point, any scenario remains 
only speculation.  As a result, the evolutionary processes underlying the divergence between the 
clades are unclear, and it is possible that the two divergent clades have no biological 
significance.  Instead, they may simply reflect the stochasticity in the coalescent process 
underlying the mitochondrial gene tree (Knowles & Maddison 2002; Knowles 2004, 2009; 
Nielsen & Beaumont 2009).  Under neutral coalescent theory, the expected waiting time for the 
coalescence of the final two lineages in a genealogy is half of the expected time for coalescence 
of all gene copies.  Thus, it is not unexpected to see longer branches after the first inferred split 
in a genealogy.  Based on neutrality tests, there is no evidence of selection, genetic hitchhiking, 
bottleneck, or demographic expansion in the mitochondrial data that would suggest a deviation 
from neutral evolution. 
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Normally, we would not expect to see such a pattern replicated in the nuclear markers if 
the two clades of the mitochondrial phylogeny are solely the result of stochasticity in the 
mitochondrial gene tree.  However, since P. subfasciatus is predominantly asexual, and appears 
to have been so over evolutionary time, stochastic processes in the mitochondrial gene tree could 
leave a signature in nuclear markers.  The two-clade structure is not apparent at any of the 
nuclear markers used in this study (Figure 4.4-6), but the measures of cytonuclear disequilibrium 
show that there is a strong association of nuclear alleles and genotypes with mitochondrial DNA 
at all nesting levels, including those corresponding to the two clades (3-step nesting level in 
Tables 4.29-31).  This suggests that despite the lack of wide divergences, the nuclear markers are 
broadly structured in a similar manner to the mitochondrial data.  This is supported by significant 
differentiation at the nuclear loci with respect to mitochondrial clade (APT:  ΦST = 0.630; 
HYP024740:  ΦST = 0.0343; HIBADH:  ΦST = 0.559).  The ΦST value at the HYP024740 locus is 
much smaller than at the other two nuclear markers, but it is still statistically significant.  The 
reason for the smaller value of ΦST is likely because the ΦST statistic incorporates information 
about genetic distance and evolutionary relatedness (Excoffier et al 1992).  While the 
HYP024740 alleles 1 and 2 are strongly associated with Clade A (Figure 4.9), for example, these 
alleles are not particularly closely related to each other within the HYP024740 network (Figure 
4.5). 
This could indicate that the allelic diversity of HYP024740 was present before 
mitochondrial diversification, and the two haplotype lineages, arising through stochastic process, 
captured sets of alleles in different frequencies.  Subsequent lineage sorting then may have 
resulted in differentiation not related to the evolutionary relatedness of those alleles.  An 
alternative interpretation is that the divergence between the clades is due to an environmental 
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process that acted on particular loci across the genome.  The balancing selection that appears to 
be present at the HYP024740 locus based on F* neutrality tests may act to maintain unrelated 
alleles in both mitochondrial clades, or have promoted the homoplasious evolution of identical 
alleles after the divergence.  The fact that both APT and HIBADH variation primarily consists of 
two high-frequency alleles makes it difficult to test among the possible interpretations.  It is 
impossible to distinguish with only two alleles  any genetic structure with respect to mtDNA 
clade, whether it is being reinforced by genetic distances among alleles, or is independent of 
nuclear genetic structure. 
There is a significant association of western North American sexuals with clade B (Table 
4.6), but eastern North American asexual, eastern North American sexual, and European asexual 
specimens are found in both clades.  This suggests that the western North American sexual 
populations are of more recent origin, while the continental and reproductive mode divisions pre-
date the divergence of the two mitochondrial clades.  In addition, the distribution of 
mitochondrial haplotypes is consistent with the recent (on an evolutionary scale) origin of the 
western sexual populations.  The western North American sexual individuals in the study all 
possess haplotypes found in no other geographic region of P. subfasciatus, but all of these 
haplotypes are within a few mutational steps of each other (Figure 4.3).  One explanation for this 
pattern is relatively recent long-distance colonization event to western North America by a small 
number of individuals, or less likely many individuals sharing a single haplotype, that 
subsequently diverged and gave rise to the private western North American sexual haplotypes.  
The timing of the event is unclear, but recent, human-mediated dispersal in unlikely to have 
allowed sufficient time for the new haplotypes to have appeared through new mutations.  On the 
other hand, the haplotypes in western North American sexual populations have only slightly 
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diverged from the eastern North American sexual and -asexual haplotypes.  Also, while certain 
nuclear alleles are more common in western North American sexual populations (Figure 4.4-6), 
there apparently has not been sufficient time for the lineage sorting process to complete at 
nuclear markers, which might not be surprising given their higher effective population size 
compared to the mitochondria. 
One possible source population for a long-distance colonization of western North 
American by sexual P. subfasciatus is the eastern North American sexual population.  However, 
grouping the species by reproductive mode explains no more than 1% of the genetic variation 
within the species, and there is no significant differentiation between the reproductive forms 
(Tables 4.8, 4.13, 4.18, 4.23).  It is also possible that the source sexual population is unsampled 
or extinct.  Other sexual populations have been reported along the coast of the Gulf of Mexico 
(Mockford pers. comm.).  Samples of P. subfasciatus were not collected on the Gulf Coast, but 
this species was extremely rare in the southern United States (pers. obs.).  Specimens in more 
southern locations were only obtained at the higher elevations of Appalachia. 
There is significant genetic differentiation among the western North American, eastern 
North American, and European populations, and grouping western North American sexual with 
European asexual explains slightly more of the genetic variation within the species than does 
grouping all the North American samples together.  In addition, the LAMARC migration 
estimates suggest that the western North American sexual populations have received 
significantly more migrants from Europe than from either of the other North American groups 
(Table 4.28).  Any interpretation of the single migration parameters is highly questionable in 
view of problematic θ estimates and inability to fully overcome the effect of the prior, but the 
relative migration values should still have some meaning.  It may be possible that dispersal 
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across Beringia occurred during the Pleistocene from Eurasia.  However, currently P. 
subfasciatus is not known from eastern Asia, but this may be because of limited collecting rather 
than a distributional gap.  Also, changing climates during the Pleistocene likely affected the 
distribution of P. subfasciatus compared to its present distribution.  Thus, the current evidence 
favors Europe as the source of the western North American sexual populations, although this is 
based on limited sampling in Europe.  However, this would not explain why in western North 
America these populations are sexual, while in Europe they are asexual.  It also leaves the 
biogeographic origin of the entire P. subfasciatus species unclear. 
 It is unfortunate that effective population size could not be confidently estimated.  In a 
population genetic analysis, effective population size can be difficult to disentangle from other 
parameters, such as mutation rate (Felsenstein 1992).  In the absence of independent estimates of 
mutaton rate, only the parameter θ (equal to 4Neµ in autosomal diploid markers) can be 
estimated.  This will not give absolute estimates of population sizes, although the relative sizes 
can be compared within a study (Felsenstein 1992; Wang 2005).  Even after accounting for 
differences in effective population sizes of different types of markers, there was a wide variation 
in various estimates of θ (Table 4.27).  The profound disagreements among the estimates, 
spanning multiple orders of magnitude, is troubling.  There is not even agreement in the basic 
trends across loci or across methods.  Tajima’s estimator (θπ) and Watterson’s estimator (θS) are 
based on summary statistics from DNA sequence data.  The program LAMARC, on the other 
hand, also incorporates genealogical information in its estimation of θ and other population 
genetic parameters (Felsenstein 1992; Kuhner et al 1995; Wang 2005).  Because θπ and θS are 
based on summary statistics, their computation is straight-forward for any sample size.  The 
Metropolis-Hastings algorithm used by LAMARC is computationally intensive, and analysis 
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time increases exponentially with sample size.  As a result, sample sizes of more than 15 do not 
significantly increase accuracy while dramatically increasing run-time (LARMARC 
documentation).  Following program recommendations, sequences were randomly removed from 
each group of P. subfasciatus to obtain the optimal sample sizes for LAMARC (LAMARC 
documentation; Felsenstein 2006), whereas Arlequin estimates were based on the full dataset.  It 
is unknown if this would have any effect in comparing the parameter estimates from the two 
sources.  The use of genealogies has been shown to be more efficient (Felsenstein 1992; Kuhner 
et al 1995) and more precise at larger values of θ (Kuhner et al 1995), but not necessarily more 
accurate. 
A disjunct distribution with separated eastern and western North American populations is 
not a common pattern among animals, and many species with such a distribution have not been 
studied on a population genetic level (e.g. the shorebird willet, Tringa semipalmata).  The 
Virginia opossum Didelphis virginiana currently possesses such a distribution, but its presence 
only on the Pacific coast results from a series of known introductions by humans in 1880, 1910, 
and 1921 (Kovacic & Guttman 1979).  Although there were some private eastern and western 
allozyme alleles, measure of genetic similarity and genetic distance show no sign of 
differentiation between eastern and western opossum populations (Kovacic & Guttman 1979).  
This is in clear contrast to the situation in P. subfasciatus, where there are no mitochondrial 
haplotypes shared between eastern and western North America and significant differentiation at 
nuclear genes.  Even allowing for the faster generation time of bark lice, it is clear that the 
colonization of western North America by P. subfasciatus pre-dates any possible human 
involvement.  The red-shouldered hawk Buteo lineatus also has an east-west disjunction, 
although the western populations tend to be more southerly than they are in P. subfasciatus.  Hull 
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et al (2008) found significant genetic differentiation between the western and the three eastern 
subspecies of B. lineatus.  All western individuals were assigned unambiguously to a single 
group in a Bayesian clustering analysis, and two of the three mtDNA haplotypes in the western 
subspecies were unique to those populations.  Thus, the east-west division is relatively ancient in 
B. lineatus, but there was no attempt to date the separation or offer any biogeographical 
explantion of the disjunction.  There is also a recurring pattern in floristic distributions involving 
disjunctions among eastern Asia, western North America, and eastern North America.  However, 
the disjunctions are at the generic level, and individual species tend to be restricted to one of 
these regions.  These disjunctions are generally attributed to the break-up of the Laurasia 
supercontinent and the formation of the Rocky Mts., although some studies have questioned the 
assumption of a common biogeographic history for all instances of the pattern (Xiang et al 
1998).  The processes shaping the distribution of P. subfasciatus are almost certainly more recent 
than this, and operating at a lower phylogenetic level. 
The disjunct distribution of P. subfasciatus also distinguishes it from other psocopteran 
species with the restricted sexuality distribution (Mockford 1971).  Echmepteryx hageni and 
Pycta polluta are restricted to eastern North America, and while Valenzuela flavidus also has 
peripheral sexual popuations in the Pacific Northwest, they are connected to the eastern North 
American range by asexual population across southern Canada.  Only E. hageni has been studied 
to date using molecular population genetics techniques (Shreve et al 2011; Chapter 1), and P. 
subfasciatus and E. hageni appear to have different phylogeographic and demographic histories 
even in eastern North America where they are sympatric.  This suggests that the restricted 
sexuality distribution pattern can arise from several different evolutionary scenarios, as also 
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appears to be the case in geographic parthenogenesis (Peck et al 1998; Jensen et al 2002; 
Lundmark & Saura 2006). 
 Although originally included as an outgroup, analysis of mitochondrial sequences 
showed the P. madescens haplotypes are embedded within the P. subfasciatus haplotype 
network.  P. madescens is morphologically similar to P. subfasciatus, with only subtle 
differences in wing pigmentation patterns distinguishing them.  There are not enough P. 
madescens samples to rule out any hypothesis; but based on the data available, it is unlikely that 
this is an example of morphological variation within a single species.  At each of the three 
nuclear loci, P. madescens possesses private alleles (Figure 4.4-6), and at the APT and 
HYP024740 loci, this private allele is several mutational steps removed from the nearest P. 
subfasciatus haplotype.  However, it should be noted that there is also an allele shared by both 
species at all three nuclear loci.  The two P. madescens samples in this study were collected at 
the same locations as the eastern North American sexual P. subfasciatus.  There may be a 
breakdown of species boundaries where P. madescens co-occurs with sexual P. subfasciatus, 
resulting in introgression of P. madescens alleles and mitochondrial haplotypes into P. 
subfasciatus, and possibly also the reverse.  Given the morphological similarity and short genetic 
distances between madescens and subfasciatus nuclear haplotypes, it is likely that they are sister 
species.  However, there has been no phylogenetic analysis of the genus to verify this, and 
Mockford (1993) places the two species in separate subgroups within the genus. 
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Figures 
 
Figure 4.1.  Maximum parsimony tree of mitochondrial genes for P. subfasciatus from North 
America and Europe with bootstrap support values >50% shown. 
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Figure 4.2.  Maximum likelihood tree of mitochondrial genes for P. subfasciatus from North America and Europe with bootstrap 
support values >50% shown.
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Figure 4.3.  Haplotype network showing relationships among mitochondrial haplotypes.  The 
size of the haplotypes is proportional to haplotype frequency.  See Table 4.1 for haplotype 
definitions. 
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Figure 4.4.  Haplotype network showing relationships of APT alleles.  See Table 4.1 allele 
definitions. 
 
 170 
 
Figure 4.5.  Haplotype network showing relationships among HYP024740 alleles.  See Table 4.1 for allele definitions. 
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Figure 4.6.  Haplotype network showing relationships among HIBADH alleles.  See Table 4.1 
for allele definitions. 
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Figure 4.7.  Posterior probability distribution of estimates for θ for eastern North American P. 
subfasciatus based on mtDNA (blue dashed curve), HYP024740 (red dashed), and HIBADH 
(green dashed).  Each curve is a composite of 5 independent MCMC chains, and the solid black 
curve is a composite of all chains at all three loci.  Curves are characteristic for posterior 
probability distributions of θ estimates for each biogeographic and ecological category. 
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Figure 4.8.  Posterior probability distribution of estimates of migration (M = m/µ) from eastern 
North American asexual populations into eastern North American sexual populations of P. 
subfasciatus based on mtDNA (blue dashed curve), HYP024740 (red dashed), and HIBADH 
(green dashed).  Each curve is a composite of 5 independent MCMC chains, and the solid black 
curve is a composite of all chains at all three loci.  Curves are characteristic for posterior 
probability distributions of all M estimates in the migration matrix. 
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Figure 4.9.  Mitochondrial haplotype network for North American samples of P. subfasciatus.  
Frequencies of HYP024740 alleles in samples possessing each mtDNA haplotype are shown.  
See Table 4.1 for haplotype and allele definitions and to see genotypic information for the 
samples. 
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Tables 
Table 4.1.  Collection localities and genotypes for P. subfasciatus and outgroup specimens used in analyses.  
Nuclear genotypes consist of the two haplotype phases of the SNPs inferred for each specimen by DnaSP. 
Specimen Code Locality (State:  Co.) Collector 
mtDNA 
Haplotype 
APT 
Genotype 
HYP024740 
Genotype 
HIBADH 
Genotype 
Pesub.01.12.2010.01 IL:  Perry ELM N/A 1/1 1/2 N/A 
Pesub.01.12.2010.02 IL:  Perry ELM h01 1/1 1/2 N/A 
Pesub.01.12.2010.03 IL:  Perry ELM h02 1/1 1/2 1/1 
Pesub.01.12.2010.04 IL:  Perry ELM h02 1/1 1/2 1/1 
Pesub.01.12.2010.05 IL: Piatt ELM h03 1/1 3/4 1/1 
Pesub.01.12.2010.06 IL: Piatt ELM h02 2/2 3/4 1/1 
Pesub.01.12.2010.07 MN:  Pine KPJ h04 2/2 2/3 1/1 
Pesub.01.12.2010.08 IL:  Jackson ELM h05 1/1 1/2 N/A 
Pesub.01.12.2010.09 IL:  Jackson ELM h02 1/1 1/2 1/1 
Pesub.01.12.2010.10 IL:  Jackson ELM h06 1/1 1/2 1/1 
Pesub.01.12.2010.11 IL:  Jackson ELM h02 1/1 1/2 1/1 
Pesub.07.07.2010.01 IN:  Parke SMS, ELM h07 1/1 1/5 1/1 
Pesub.07.07.2010.02 IN:  Parke SMS, ELM h02 1/1 1/6 1/1 
Pesub.07.07.2010.03 IN:  Parke SMS, ELM h02 1/2 1/4 1/1 
Pesub.07.07.2010.04 IN:  Parke SMS, ELM h03 1/1 3/4 1/2 
Pesub.07.07.2010.05 IN:  Parke SMS, ELM h02 2/2 1/4 1/1 
Pesub.07.07.2010.06 IN:  Parke SMS, ELM h02 1/1 1/4 1/1 
Pesub.07.07.2010.07 IN:  Parke SMS, ELM h02 1/1 1/6 1/1 
Pesub.07.07.2010.08 IN:  Parke SMS, ELM h08 2/2 3/4 1/2 
Pesub.07.07.2010.09 NC:  Haywood ELM h03 1/1 4/7 1/1 
Pesub.07.07.2010.10 NC:  Haywood ELM h09 1/2 3/4 1/2 
Pesub.10.09.2009.01 IL:  Champaign SMS h02 1/1 1/4 1/1 
Pesub.10.09.2009.02 IL:  Champaign SMS h02 1/1 1/6 1/1 
Pesub.10.09.2009.03 IL:  Champaign SMS h02 1/1 1/6 N/A 
Pesub.10.09.2009.04 GA:  Fannin SMS h02 1/2 1/4 1/1 
Pesub.10.09.2009.05 TN:  Overton SMS h02 1/1 1/4 1/1 
Pesub.10.09.2009.06 TN:  Overton SMS h02 1/1 1/4 1/1 
Pesub.10.09.2009.07 KY:  Whitley SMS h10 2/2 4/4 1/1 
Pesub.10.09.2009.08 KY:  Whitley SMS N/A 1/1 4/4 1/1 
Pesub.10.09.2009.09 PA:  Forest SMS h02 2/2 1/2 1/1 
Pesub.10.09.2009.10 NY:  Fulton SMS h11 2/2 1/6 1/3 
Pesub.10.09.2009.11 NY:  Fulton SMS h12 2/2 3/3 2/2 
Pesub.10.09.2009.12 NY:  Fulton SMS h11 2/2 1/6 1/4 
Pesub.10.24.2009.01 NY:  Fulton SMS h02 2/2 1/4 1/1 
Pesub.10.24.2009.02 NY:  Fulton SMS h02 2/2 1/2 1/1 
Pesub.10.24.2009.03 VT:  Rutland SMS h11 2/2 3/4 2/2 
Pesub.10.24.2009.04 VT:  Rutland SMS h13 2/2 3/4 2/2 
Pesub.10.24.2009.05 VT:  Rutland SMS h11 2/2 3/4 2/2 
Pesub.10.24.2009.06 VT:  Rutland SMS h13 2/2 3/4 2/2 
Pesub.10.24.2009.07 VT:  Rutland SMS h11 2/2 3/4 1/2 
Pesub.10.24.2009.08 VT:  Rutland SMS h13 2/2 3/4 2/2 
Pesub.10.24.2009.09 NH:  Grafton SMS h14 2/2 4/4 2/2 
Pesub.10.24.2009.10 MN:  Kanabec KPJ h11 2/2 3/4 1/2 
Pesub.10.24.2009.11 MN:  Kanabec KPJ h03 2/2 3/4 1/2 
Pesub.10.24.2009.12 MN:  Kanabec KPJ h15 2/2 6/7 2/2 
Pesub.11.22.2011.01 Lux:  Bennevoie NS h11 2/2 3/4 2/2 
Pesub.11.22.2011.02 Lux:  Bennevoie NS h11 2/2 3/8 2/2 
Pesub.11.22.2011.03 Lux:  Bennevoie NS h16 2/2 3/9 2/2 
Pesub.11.22.2011.04 Lux:  Bennevoie NS h02 2/2 3/4 1/2 
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Table 4.1 cont. 
Specimen Code Locality (State:  Co.) Collector 
mtDNA 
Haplotype 
APT 
Genotype 
HYP024740 
Genotype 
HIBADH 
Genotype 
Pesub.11.22.2011.05 Lux:  Bennevoie NS h16 2/2 3/4 2/2 
Pesub.11.22.2011.06 Lux:  Bennevoie NS N/A 2/2 6/7 2/2 
Pesub.11.22.2011.07 Lux:  Bennevoie NS N/A 2/2 3/4 1/2 
Pesub.11.22.2011.08 Lux:  Bennevoie NS h11 2/2 3/4 2/2 
Pesub.11.22.2011.09 Lux:  Bennevoie NS N/A 2/2 3/9 N/A 
Pesub.11.22.2011.10 Lux:  Bennevoie NS h11 2/2 3/4 2/2 
Pesub.11.22.2011.11 Lux:  Bennevoie NS h11 2/2 3/4 N/A 
Pesub.12.18.2009.01 MN:  Kanabec KPJ h11 2/2 3/4 1/4 
Pesub.12.18.2009.02 MN:  Kanabec KPJ h11 2/2 3/4 1/4 
Pesub.12.18.2009.03 IL:  Perry ELM h02 1/1 1/4 1/1 
Pesub.12.18.2009.04 IL:  Perry ELM h02 1/1 1/2 1/1 
Pesub.12.18.2009.05 CA:  San Luis Obispo KPJ h17 2/2 3/4 N/A 
Pesub.12.18.2009.06 CA:  San Luis Obispo KPJ h17 2/2 N/A 2/2 
Pesub.12.18.2009.07 CA:  San Luis Obispo KPJ h18 2/2 3/4 1/2 
Pesub.12.18.2009.08 WA:  Clallam KPJ h17 2/2 3/4 2/2 
Pesub.12.18.2009.09 WA:  Clallam KPJ h17 2/2 3/4 2/2 
Pesub.12.18.2009.10 WA:  Clallam KPJ h17 2/2 3/5 N/A 
Pesub.12.18.2009.11 WA:  Clallam KPJ h19 2/2 3/10 1/2 
Pesub.12.18.2009.12 WA:  Clallam KPJ h20 2/2 3/5 2/2 
Pemad.07.07.2010.11 IN:  Parke SMS, ELM h23 2/2 N/A 5/5 
Pemad.07.07.2010.12 IN:  Parke SMS, ELM h24 2/3 1/11 1/5 
Pemad.01.12.2010.12 KY:  Lyon SMS     
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Table 4.2.  Primer sequences used in PCR amplification. 
Locus Primer Name Primer Sequence 
COI C1-J-1718 5′-GGAGG ATTTG GAAAT TGATT AGTTC C-3′ 
 H7005 5′-CCGGA TCCAC NACRT ARTAN GTRTC RTG-3′ 
12S 12Sai 5′-AAACT AGGAT TAGAT ACCCT ATTAT-3′ 
 12Sbi 5′-AAGAG CGACG GGCGA TGTGT-3′ 
APT Pesub67-F 5′-GARAK CTCAT TGAYG AMGAA GT-3′ 
 Pesub67-R 5′-ARGAY TTATG WAGTG GAAGC C-3′ 
HYP024740 Pesub35-F 5′-TCCTA ACGAA GASAC WGAAT GG-3′ 
 Pesub35-F 5′-AGCNA RCGCC YTCAT TTCNG C-3′ 
HIBADH Pesub48-F 5′-WACTA TTGGC GCWSA RGCRG G-3′ 
 Pesub48-R 5′-YARCA TWGTR ATACC TAGMA GC-3′ 
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Table 4.3.  Population genetic statistics for P. subfasciatus at the four loci.  Values are given both for the entire species and for various geographic and 
ecological groupings.  The genetic diversity indices gene diversity (H, equivalent to expected heterozygosity, and to haplotypic diversity in mtDNA), 
nucleotide diversity (πN), and observed heterozygosity (Hobs) for nuclear markers.  Resultant p-values of exact tests for Hardy-Weinberg equilibria (HWE) 
are given for nuclear markers.  Values for three neutrality tests are given, with asterisk denoting significance at p < 0.05.  Error estimates for H and πN are 
± standard deviation as calculated by Arlequin. 
Locus Grouping n H πN Hobs HWE Tajima's D Fu's FS Fu & Li's F* 
mtDNA Overall 63 0.83 ± 0.04 0.0078 ± 0.0041 N/A N/A 0.26 -0.37 -0.40 
 All North America 55 0.83 ± 0.04 0.0081 ± 0.0042 N/A N/A 0.28 -0.23 -0.39 
 All E. North America 47 0.77 ± 0.06 0.0078 ± 0.0041 N/A N/A 0.33 1.14 -0.055 
 E. North America - Asexual 39 0.79 ± 0.05 0.0078 ± 0.0041 N/A N/A 0.93 1.65 0.61 
 E. North America - Sexual 8 0.64 ± 0.18 0.0076 ± 0.0044 N/A N/A -0.68 3.64 -0.42 
 W. North America - Sexual 8 0.64 ± 0.18 
0.00090 ± 
0.00077 
N/A N/A -1.54 -1.24 -1.80 
 Europe - Asexual 8 0.61 ± 0.16 0.0031 ± 0.0022 N/A N/A -1.42 1.76 -1.39 
 All Asexual 47 0.80 ± 0.04 0.0076 ± 0.0040 N/A N/A 0.98 1.62 0.50 
 All Sexual 16 0.83 ± 0.07 0.0083 ± 0.0045 N/A N/A 0.38 1.96 -0.47 
          
APT Overall 67 0.46 ± 0.03 0.0038 ± 0.0037 0.045 >0.0001 1.64 2.27 0.99 
 All North America 56 0.49 ± 0.02 0.0040 ± 0.0039 0.054 >0.0001 1.79* 2.35 1.04 
 All E. North America 48 0.50 ± 0.01 0.0041 ± 0.0039 0.062 >0.0001 1.84 2.33 1.05 
 E. North America - Asexual 40 0.50 ± 0.01 0.0041 ± 0.0039 0.05 >0.0001 1.78* 2.21 1.03 
 E. North America - Sexual 8 0.46 ± 0.10 0.0038 ± 0.0039 0.12 0.0767 1.03 1.1 0.88 
 W. North America - Sexual 8 0.00 ± 0.00 0.00 ± 0.00 0.00 1.000 0.00 N/A N/A 
 Europe - Asexual 11 0.00 ± 0.00 0.00 ± 0.00 0.00 1.000 0.00 N/A N/A 
 All Asexual 51 0.46 ± 0.03 0.0038 ± 0.0037 0.039 >0.0001 1.6 2.14 0.98 
 All Sexual 16 0.47 ± 0.06 0.0038 ± 0.0038 0.062 0.00071 1.34 1.54 0.96 
          
HYP024740 Overall 68 0.78 ± 0.02 0.017 ± 0.0097 0.94 >0.0001 2.99* 2.28 2.13* 
 All North America 57 0.78 ± 0.02 0.014 ± 0.0083 0.93 >0.0001 2.84* 2.48 2.07* 
 All E. North America 50 0.77 ± 0.02 0.014 ± 0.0082 0.92 >0.0001 2.64* 2.97 1.31 
 E. North America - Asexual 42 0.78 ± 0.02 0.014 ± 0.0081 0.90 >0.0001 3.20* 3.61 2.14* 
 E. North America - Sexual 8 0.78 ± 0.07 0.015 ± 0.0093 1.00 0.335 1.70 1.55 1.14 
 W. North America - Sexual 7 0.69 ± 0.09 0.017 ± 0.010 1.00 0.272 2.13* 2.83 1.76* 
 Europe - Asexual 11 0.71 ± 0.07 0.031 ± 0.017 1.00 0.0104 2.75* 4.26 1.93* 
 All Asexual 53 0.78 ± 0.02 0.018 ± 0.0099 0.92 >0.0001 3.46* 3.55 2.24* 
 All Sexual 15 0.79 ± 0.04 0.016 ± 0.0092 1.00 0.0208 2.46* 2.05 1.90* 
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Table 4.3 cont. 
Locus Grouping n H πN Hobs HWE Tajima's D Fu's FS Fu & Li's F* 
HIBADH Overall 60 0.52 ± 0.02 0.011 ± 0.0074 0.23 >0.0001 1.93 3.16 0.50 
 All North America 51 0.49 ± 0.04 0.010 ± 0.0070 0.24 >0.0001 1.58 2.65 0.38 
 All E. North America 45 .44 ± 0.05 0.0092 ± 0.0065 0.22 0.00018 1.15 2.09 0.24 
 E. North America - Asexual 37 0.48 ± 0.05 0.0098 ± 0.0069 0.22 >0.0001 1.29 2.14 0.32 
 E. North America - Sexual 8 0.23 ± 0.13 0.0052 ± 0.0046 0.25 1.000 -0.65 1.89 0.68 
 W. North America - Sexual 6 0.30 ± 0.15 0.0067 ± 0.0056 0.33 1.000 -0.28 2.18 0.85 
 Europe - Asexual 9 0.21 ± 0.12 0.0046 ± 0.0043 0.22 1.000 -0.78 1.76 0.62 
 All Asexual 46 0.53 ± 0.03 0.011 ± 0.0075 0.22 >0.0001 1.84 2.87 0.49 
 All Sexual 14 0.52 ± 0.03 0.012 ± 0.0079 0.14 0.00904 2.44* 4.87* 1.57 
 
 
 
 
180 
Table 4.4.  2x2 contingency table testing association between major clades and reproductive mode in P. 
subfasciatus.  Association was not significant under Fisher’s exact test (p = 0.419). 
  Sexual Asexual Total 
Clade A 6 24 30 
Clade B 10 23 33 
Total 16 47 63 
 
 
 
Table 4.5.  2x2 contingency table testing association between major clades and continent in P. subfasciatus.  
Association was marginally significant under Fisher’s exact test (p = 0.0555). 
 N. America Europe Total 
Clade A 29 1 30 
Clade B 26 7 33 
Total 55 8 63 
 
 
 
Table 4.6.  2x2 contingency table testing association between major clades and eastern versus western North 
America populations in P. subfasciatus.  European samples were excluded.  Association was significant under 
Fisher’s exact test (p = 0.00481). 
 E. North America W. North America Total 
Clade A 29 0 29 
Clade B 18 8 26 
Total 47 8 55 
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Table 4.7.  AMOVA table testing genetic differentiation of mtDNA haplotypes among P. madesens and the basic 
biogeographic and ecological categories of P. subfasciatus (E. North America – Asexual, E. North America – 
Sexual, W. North America - Sexual, and Europe - Asexual).  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Among Categories 4 1.618 31.41 
Within Categories 60 3.533 68.59 
Total 64 5.152  
    
ΦST 0.314 p < 0.00001  
 
 
 
Table 4.8.  AMOVA table testing genetic differentiation of mtDNA between sexual and asexual P. subfasciatus.  
Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 0.0506 1.15 
Within Reproductive Mode 61 4.332 98.85 
Total 62 4.383  
    
ΦST 0.0115 p = 0.252  
 
 
 
Table 4.9.  AMOVA table testing genetic differentiation of mtDNA among geographic regions of P. subfasciatus.  
ENA = eastern North America, WNA = western North America.  Value and significance of the ΦST statistic is also 
given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. ENA vs. WNA 2 1.765 32.82 
Within Region 60 3.614 67.18 
Total 62 5.379  
    
ΦST 0.328 p = 0.00016  
 
 
 
Table 4.10.  AMOVA table testing genetic differentiation of mtDNA between E. North America and W. North 
America+Europe populations of P. subfasciatus.  See Table 4.9 for meaning of abbreviations.  Value and 
significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
ENA vs. Europe+WNA 1 1.883 34.18 
Within Region 61 3.626 65.82 
Total 62 5.510  
    
ΦST 0.342 p = 0.00022  
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Table 4.11.  AMOVA table testing genetic differentiation of mtDNA between European and North American 
populations of P. subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. North America 1 0.669 13.74 
Within Continent 61 4.201 86.26 
Total 62 4.870  
    
ΦST 0.137 p = 0.0543  
 
 
 
Table 4.12.  AMOVA table testing genetic differentiation of APT nuclear haplotypes among P. madesens and the 
basic biogeographic and ecological categories of P. subfasciatus (E. North America – Asexual, E. North America – 
Sexual, W. North America - Sexual, and Europe - Asexual).  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Among Categories 4 0.0916 32.33 
Within Categories 133 0.192 67.67 
Total 137 0.283  
    
ΦST 0.323 p < 0.00001  
 
 
 
Table 4.13.  AMOVA table testing genetic differentiation of APT nuclear haplotypes between sexual and asexual P. 
subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 -0.004702 -2.08 
Within Reproductive Mode 132 0.231 102.08 
Total 133 0.226  
    
ΦST -0.0208 p = 1.00  
 
 
 
Table 4.14.  AMOVA table testing genetic differentiation of APT nuclear haplotypes among geographic regions of 
P. subfasciatus.  ENA = eastern North America, WNA = western North America.  Value and significance of the ΦST 
statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. ENA vs. WNA 2 0.103 36.03 
Within Region 131 0.183 63.97 
Total 133 0.286  
    
ΦST 0.360 p < 0.00001  
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Table 4.15.  AMOVA table testing genetic differentiation of APT nuclear haplotypes between E. North America and 
W. North America+Europe populations of P. subfasciatus.  See Table 4.9 for meaning of abbreviations.  Value and 
significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
ENA vs. Europe+WNA 1 0.117 39.06 
Within Region 132 0.182 60.94 
Total 133 0.298  
    
ΦST 0.391 p < 0.00001  
 
 
 
Table 4.16.  AMOVA table testing genetic differentiation of APT nuclear haplotypes between European and North 
American populations of P. subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. North America 1 0.0824 28.52 
Within Continent 132 0.207 71.48 
Total 133 0.289  
    
ΦST 0.282 p = 0.00010  
 
 
 
Table 4.17.  AMOVA table testing genetic differentiation of HYP024740 nuclear haplotypes among P. madesens 
and the basic biogeographic and ecological categories of P. subfasciatus (E. North America – Asexual, E. North 
America – Sexual, W. North America - Sexual, and Europe - Asexual).  Value and significance of the ΦST statistic is 
also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Among Categories 4 0.00798 0.45 
Within Categories 133 1.775 99.55 
Total 137 1.783  
    
ΦST 0.00448 p = 0.341  
 
 
 
Table 4.18.  AMOVA table testing genetic differentiation of HYP024740 nuclear haplotypes between sexual and 
asexual P. subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 -0.0217 -1.24 
Within Reproductive Mode 134 1.771 101.24 
Total 135 1.749  
    
ΦST -0.0124 p = 0.694  
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Table 4.19.  AMOVA table testing genetic differentiation of HYP024740 nuclear haplotypes among geographic 
regions of P. subfasciatus.  ENA = eastern North America, WNA = western North America.  Value and significance 
of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. ENA vs. WNA 2 0.0288 1.62 
Within Region 133 1.751 98.38 
Total 135 1.780  
    
ΦST 0.0162 p = 0.201  
 
 
 
Table 4.20.  AMOVA table testing genetic differentiation of HYP024740 nuclear haplotypes between E. North 
America and W. North America+Europe populations of P. subfasciatus.  See Table 4.9 for meaning of 
abbreviations.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
ENA vs. Europe+WNA 1 0.0462 2.58 
Within Region 134 1.745 97.42 
Total 135 1.791  
    
ΦST 0.0258 p = 0.0798  
 
 
 
Table 4.21.  AMOVA table testing genetic differentiation of HYP024740 nuclear haplotypes between European and 
North American populations of P. subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. North America 1 0.0453 2.52 
Within Continent 134 1.751 97.48 
Total 135 1.796  
    
ΦST 0.0252 p = 0.127  
 
 
Table 4.22.  AMOVA table testing genetic differentiation of HIBADH nuclear haplotypes among P. madesens and 
the basic biogeographic and ecological categories of P. subfasciatus (E. North America – Asexual, E. North 
America – Sexual, W. North America - Sexual, and Europe - Asexual).  Value and significance of the ΦST statistic is 
also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Among Categories 4 0.365 40.14 
Within Categories 119 0.544 59.86 
Total 123 0.910  
    
ΦST 0.401 p < 0.00001  
  
185 
Table 4.23.  AMOVA table testing genetic differentiation of HIBADH nuclear haplotypes between sexual and 
asexual P. subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Asexual vs. Sexual 1 -0.0171 -2.32 
Within Reproductive Mode 118 0.753 102.32 
Total 119 0.736  
    
ΦST -0.0232 p = 0.944  
 
 
 
Table 4.24.  AMOVA table testing genetic differentiation of HIBADH nuclear haplotypes among geographic 
regions of P. subfasciatus.  ENA = eastern North America, WNA = western North America.  Value and significance 
of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. ENA vs. WNA 2 0.460 45.16 
Within Region 117 0.559 54.84 
Total 119 1.020  
    
ΦST 0.452 p < 0.00001  
 
 
 
Table 4.25.  AMOVA table testing genetic differentiation of HIBADH nuclear haplotypes between E. North 
America and W. North America+Europe populations of P. subfasciatus.  See Table 4.9 for meaning of 
abbreviations.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
ENA vs. Europe+WNA 1 0.508 47.80 
Within Region 118 0.555 52.20 
Total 119 1.063  
    
ΦST 0.478 p < 0.00001  
 
 
 
Table 4.26.  AMOVA table testing genetic differentiation of HIBADH nuclear haplotypes between European and 
North American populations of P. subfasciatus.  Value and significance of the ΦST statistic is also given. 
Source of Variation 
Degrees of 
Freedom 
Variance 
Component 
Percentage of 
Variation 
Europe vs. North America 1 0.426 40.07 
Within Continent 118 0.638 59.93 
Total 119 1.064  
    
ΦST 0.401 p = 0.00002  
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Table 4.27.  Estimates of the population mutation rate θ for the four basic biogeographic and ecological categories of 
P. subfasciatus.  θLAMARC and its 95% confidence interval (CI) were estimated using a Bayesian approach in the 
program LAMARC.  θπ and θS were calculated using the program Arlequin are given ± s.d.  Estimates for nuclear 
loci have been adjusted to the mtDNA scale, based on differences in effective population size for the genomic 
regions. 
Locus Category θLAMARC θLAMARC 95% CI θπ θS 
mtDNA ENA – Asexual 0.0022 0.00078 - 0.0080 0.0078 ± 0.0041 6.86 ± 2.32 
 ENA – Sexual 0.0023 0.00053 - 0.64 0.0076 ± 0.0044 9.64 ± 4.48 
 WNA – Sexual 0.0018 0.00038 - 0.031 0.00090 ± 0.00077 1.54 ± 0.96 
 Europe – Asexual 0.0010 0.00012 - 0.0048 0.0031 ± 0.0022 3.09 ± 1.65 
      
HYP024740 ENA – Asexual 0.0012 0.00026 - 0.36 0.0035 ± 0.0020 0.60 ± 0.28 
 ENA – Sexual 0.00094 0.00016 - 0.072 0.0038 ± 0.0023 0.53 ± 0.26 
 WNA – Sexual 0.00073 0.00012 - 0.99 0.0042 ± 0.0026 0.55 ± 0.28 
 Europe – Asexual 0.00056 0.00012 – 2.87 0.0078 ± 0.0043 0.82 ± 0.415 
      
HIBADH ENA – Asexual 0.0020 0.00035 – 6.44 0.0025 ± 0.0017 0.41 ± 0.22 
 ENA – Sexual 0.00016 0.000014 - 0.0016 0.0013 ± 0.0012 0.23 ± 0.15 
 WNA – Sexual 0.00019 0.000015 - 0.017 0.0017 ± 0.0014 0.25 ± 0.16 
 Europe – Asexual 0.00015 0.000013 - 0.0010 0.0012 ± 0.0011 0.44 ± 0.28 
      
Overall ENA – Asexual 0.0019 0.00085 - 0.0046 N/A N/A 
 ENA – Sexual 0.0010 0.00034 - 0.0028 N/A N/A 
 WNA – Sexual 0.00049 0.00028 - 0.0026 N/A N/A 
 Europe – Asexual 0.00048 0.00016 - 0.0013 N/A N/A 
 
 
 
Table 4.28.  Migration matrix for the four biogeographic and ecological categories of P. subfasciatus estimated by 
the program LAMARC.  Sending populations are in the left-most column and receiving populations are along the 
top row.  LAMARC estimates the migration parameter (M = m/µ).  To convert to the more conventional 4Nm, 
multiply each estimate by the θ estimate (see Table 4.27) of the recipient population on the top row. 
 ENA – Asexual ENA – Sexual WNA – Sexual Europe – Asexual 
ENA – Asexual - 464.3 40.0 460.1 
ENA – Sexual 465.8 - 97.9 457.7 
WNA – Sexual 116.8 460.2 - 461.4 
Europe – Asexual 459.4 460.0 461.9 - 
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Table 4.29.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear alleles 
and genotypes at each nesting level for APT.  P-values based on Monte Carle re-shuffling implemented in CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype 0.000538 < 0.00001 
1-Step 0.000011 < 0.00001 
2-Step < 0.00001 < 0.00001 
3-Step < 0.00001 < 0.00001 
 
 
 
Table 4.30.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear alleles 
and genotypes at each nesting level for HYP024740.  P-values based on Monte Carle re-shuffling implemented in 
CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype < 0.00001 < 0.00001 
1-Step 0.0000194 0.0000286 
2-Step < 0.00001 < 0.00001 
3-Step < 0.00001 < 0.00001 
 
 
 
Table 4.31.  Significance of tests of the overall association between mitochondrial haplotypes and nuclear alleles 
and genotypes at each nesting level for HIBADH.  P-values based on Monte Carle re-shuffling implemented in 
CNDm. 
Nesting Level Allelic Association Genotypic Association 
Haplotype < 0.00001 < 0.00001 
1-Step < 0.00001 < 0.00001 
2-Step < 0.00001 < 0.00001 
3-Step < 0.00001 < 0.00001 
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